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ABSTRACT 

Single  crystals  of  cadmium  telluride  with  an  impurity  concentra¬ 
tion  of  about  K)1  '  cf*  have  been  prepared  from  zone  purified  tellurium 
and  high  purity  cadmium  by  a  modified  Stockbarger  process.  Apparatus  and 
techniques  fur  anno  refining  and  crystal,  growth  are  described. 

Crystals  were  prepared  for  measurement  by  cutting  on  either  an 
S.  5.  White.  Industrial  Airbrasive  unit  or  carborundum  disks  followed  by 
removal  o.f  the  surface  layer  with  the  "airbrasive".  Vacuum  plated  indium 
electrodes  were  used  on  n-t.ype  crystals  while  gold  deposited  from  gold 
chloride  solution  was  used  on  p-typo. 

Although  thermal  emf  measurements  show  pure  CdTe  to  be  p-type, 
it  was  found  necessary  to  use  indium  contacts  as  the  gold  chloride  greatly 
altered  the  photoconductivity  of  the  specimens.  Thermal  activation  energy 
measurements  indicate  an  intrinsic  activation  energy  of  1.5  eV  in  the 
temperature  range  350''  20°C. 

A  Perkin  Elmer  Model  33  single-beam  double-pass  monochromator 
equipped  with  rook  salt  optics  and  a  Gio-bar  operated  at  1600°K  was  U3ed 
as  the  radiation  source  in  the  wavelength  region  0,6  to  12  microns. 

The  wavelength  for  maximum  intrinsic  photoconductivity  is  giv-. 
by  the  expression: 

”X.{A)  «  3100  ■*  2.06  T 

which  in  turn  gives  an  intrinsic  activation  energy  of: 


,6.  e  (eV)  ■  1.53  -  0.00035'T 


Photoconductivity  measurement;;  indicate  another  activat  ion  energy  of  about. 
1.1  cV  for  pur«  CdTe  This  has  been  shown  to  arise  from  a  level  0,!»  fi’v' 
above  the  valence  band  and  correlates  with  t.hc  levels  found  at  1.0  e?  and 
0.6)i  eV  above  the  valence  band  in  pure  CdS  and  OdSe,  respectively. 

Impendence  of  maximum  photocurrent-  and  variation  cf  .’rise  time 
with  radiation  intensity  and  temperature  show  a  slightly  supra linear 
character  and  indicate  the  presence  of  discrete  levels  scattered  between 
the  top  of  the  valence  band  and  the  O.b  eV  level 

The  model  proposed  for  CdTe  including  two  types  of  levels  explains 
quite  wei.1  the  photoconducting  properties  as  related  to  temperature  depend¬ 
ence,  supralinoarity,  and  speed  of  response  an  encountered  in  this  material, 
and  follows  closely  the  semiquant-itative  evaluation  of  photoconductivity 
in  CdS  and  CdSe  given  by  iiose 
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l.U  Xtv 


Among  the  more  basic  properties  of  semiconductors  and 
insulators,  photoconductivity  is  perhaps  one  of  the  most  useful 
in  determining  a  detailed  account  of  the  energy  level  model  of  " 
solid.  The  variation  of  photocurrent  and  its  rise  time  with  tem¬ 
perature,  intensity  of  radiation,  wavelength,  and  even  illumination 
history  can  lead  to  an  intei'pretation  of  the  distribution  of  traps, 
recombination  centers  and  other  types  of  discrete  levels,  both 
.'.ti.v.-d  ly  filled  nr.d  unfilled,  in  the  forbidden  zone,  along  with  a 
description  o  their  other  properties. 

From  this  variety  of  information  which  may  be  obtained 
from  photoconductivity  measurements  one  can  readily  appreciate 
that  photoconductivity  is  an  extremely  complex  phenomena}  the 
photocurrent  possibly  increasing  in  a  linear,  supralinear,  or  sub- 
linear  fashion  with  increasing  radiation  intensity.  It.  may  likewise 
increase,  decrease,  or  possibly  stay  constant  with  increasing  tem¬ 
perature.  Along  with  these  effects  must  be  included  those  due  to 
voltage  dependence,  impurities,  both  intentional  and  unavoidable, 
surface  effects,  and  history  of  treatment  be /ore  nid  during 
measurement.  From  these  considerations  it  is  apparent  that  great 
difficulty  will  be  encountered  in  deriving  and  applying  a  general 
at j- — me— us ive  uneopy  oi  photoconductivity .  As  a  .  6.iui  t,  the 
general  trend  has  been  to  investigate  a  group  of  common  materials 
such  as  the  alkali  halides,  or  crystals  with  the  zincblende  struc¬ 
ture  and  to  assemble  the  data  into  a  theory  consistent  for  that 
particular  type  photoconductor. 
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Although  photoconductivity  in  zinc  sulfide  natural  crystals 
ana  ar^x  fically  preijared  powders,  both  pure  and  impure,  had  been  inves¬ 
tigated  as  early  as  1920  by  Gulden  and  Pohl  (l),  the  most  extensive 
interpretive  investigations  of  photoconductivity  were  made  on  alkali 
halide  crystals  in  the  1930's,  These  materials  were  readily  available 
in  single  ciystal  form  ?nd  a  variety  of  defects  could  be  added  at  will, 
by  high  energy  .diation  and  heating  in  a  vapor  of  the  cation  or  anion. 

However,  with  the  advent  of  increasing  interest  in  semicon¬ 
ductors  since  the  19U0 's  brought  about  by  the  development  of  transistors, 
radiation  detectors,  and  other  semiconductor  devices,  a  wealth  of 
information  concerning  the  phenomena  of  photoconductivity  has  become 
available.  No  entirely  satisfactory  overall  description  of  photo¬ 
conductivity  yet  exists,  however,  from  which  the  behavior  of  any  given 
semiconductor  under  illumination  may  be  predicted. 

From  the  previously  mentioned  aspects  of  photoconductivity 
one  can  anticipate  that  the  exact  nature  cf  the  material  being  inves¬ 
tigated  must  be  clearly  defined  and  free  from  disturbing  influences. 

To  attain  this  end  it  is  necessary  to  have  (1)  as  low  as  possible  a 
level  of  impurity  ions,  (2)  as  near  as  possible  perfect  crystal 
structure,  and  (3)  ideal  stoichiometry. 

Among  the  first  semicor.iucting  compounds  to  be  examined 
were  the  group  IX-VI  combinations,  consisting  of  the  sulfides,  selen- 
ides,  and  tellurides  of  zinc,  cadmium,  and  mercury. 

High  purity  cadmium  and  zinc  (99 >9991%)  were  readily 
available  and  since  considerable  work  was  being  carried  out  on 
the  sulfides  and  only  slightly  less  on  the  selenides,  the  tellurides 
were  chosen  for  this  investigation.  Cadmium  telluride  in  particular 


seemed  to  lend  itself  readily  to  the  Stockbarger  crystal  growth  pro  sss 
and  it  was  anticipated  that  photoconductivity  data  from  CdTe  single 
crystals  might  be  correlated  to  that  available  from  CdS  -  :  v ISe.  Also, 
it  was  established  that  the  technique  of  zor.e  refining  could  be  applied 
to  tellurium,  resulting  in  tellurium  in  a  state  of  purity  at  least  com¬ 
parable  to  that  of  the  cadmium  and  zinc. 

A  more  detailed  treatment  of  the  theory  of  zone  refining  and 
its  applications  to  tellurium,  selenium,  and  sulfur  will  be  given  later. 
The  aspects  cf  crystal  growth  as  have  been  encountered  in  these  materials 
will  also  be  reviewed  with  particular  emphasis  on  the  methods  developed 
here  for  CdTe  and  ZnTe. 

These  considerations  will  be  followed  by  a  general  account  of 
photoconductivity  and,  more  particularly,  a  detailed  discussion  of  the 
band  model  for  CdTe  and  its  interpretation  as  derived  from  photoconduc¬ 
tivity  measurements,  and  its  relation  to  photoconductivity  as  observed 
in  CdS  and  CdSe. 
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2,0  ZONE  REFINING 


Although  a  perfect  single  crystal,  from  the  point  of  view  of 
both  structure  and  composition  is  theoretically  non-existent,  the  closer 
one  can  approach  it,  the  more  reliable  will  be  the  observations  made 
upon  it.  Of  the  major  defects  normally  found  in  crystals,  perhaps  the 
most  troublesome  and  the  one  ovr  whi  ..h  the  greatest  control  can  be 
exercised  is  the  presence  of  foreign  atoms  or  ions  in  substitutional 
or  interstitial  sites.  Nowhere  is  this  of  greater  ..nportance  than  in 
the  field  of  semiconductors  where  the  presence  impurities  in  concen¬ 
trations  on  the  order  of  parts  per  million  cr  less  may  completely  alter 
the  electrical  conductivity  process  in  the  crystal.  The  quest  for  a 
more  perfect  crystal  free  from  thi3  type  of  defect  has  lead  to  the  devel¬ 
opment  of  certain  specialized  techniques,  one  of  the  most  useful  of 
which  is  zone  refining  (2). 

Zone  refining  is  based  on  the  principle  of  impurity  segre¬ 
gation  which  has  long  been  the  basis  of  purification  by  repeated 
fractional  crystallization.  In  fractional  crystallization,  however, 
the  entire  batch  is  melted,  whereas  with  zone  melting  only  a  small 
segment  of  the  batch  is  molten  at  any  one  time. 

The  phenomena  of  impurity  segregation  results  from  the 
difference;  in  solute  concentration  between  the  freezing  solid  and 
the  liquid  In  contact  with  it,  which  in  turn  arises  from  the  equilib¬ 
rium  between  the  solid  and  liquid  in  a  binary  solid  solution  system. 

While  in  practice,  the  molten  zone  will  most  likely  not  be  in  equilib¬ 
rium  with  the  entire  solid,  if  the  rate  of  zone  movement;  that  is,  the 
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rate  of  movement  of  the  interface,  is  properly  chosen,  near  equilibrium 
conditions  will  prevail  at  the  interface,  and  separation  of  the  solute 
will  occur.  This  rate  has  been  empirically  determined  to  be  from  one 
to  ?S  om/hr,  for  moat  metals  and  semiconductors. 

If  we  now  examine  the  very  end  region  of  the  two  possible 
types  of  phase  diagrams  for  the  binary  systems  composed  of  the  material 
in  which  we  are  interested  and  the  impurity  or  solute  material,  we  can 
graphically  demonstrate  the  difference  in  solute  concentration  between 
thg  li.Qui.ci  and  solid. 


Impurity  Concentration 
Fifx»re  1 


(b) 


The  liquidus  and  solidus  are  probably  not  straight  lines  as 
shown,  but  since  we  are  interested  in  only  such  a  small  region  no  appre¬ 
ciable  error  is  introduced  in  drawing  them  as  such.  In  figure  la,  the 
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solute  is  pore  soluble  in  the  liquid  than  the  solid,  and  so  the  ratio 
of  Cg/G^  is;  less  than  unity,  where  Ca  and  Cg  are  the  concentration  of 
solute  in  the  solid  and  liquid,  respectively.  This  ratio  is  designated 
as  the  equilibrium  distribution  coefficient,  k0. 

Gone' <ier  now  the  equilibrium  crystallization  of  a  composition 
on  the  line  0 g,  i..  figure  la  (figure  lb  wii±  oe  anaiagous  except  the 
solute  is  more  soluble  in  tie  solid).  At  temperature  T  the  first  solid 
to  crystallize  out  will  havj  a  solute  concentration  of  Cg,  (QlIc0).  As 
cooling  continues  the  composition  of  the  solid,  assuming  complete  equi¬ 
librium,  will  shift  along  the  solidus  till  it  reaches  the  line  Cl  at 
which  time  it  will  be  completely  solid.  Since  the  diffusion 
solids  is  low,  this  equilibrium  will  generally  not  be  attar- 
as  is  usually  the  case,  the  rate  of  travel  of  the  interface  is  large 
compared  to  the  rate  of  diffusion,  the  impurity  will  concentrate  in 
the  liquid.  This,  of  course,  assumes  the  rate  of  diffusion  ir.  the 
liquid  is  sufficiently  larger  than  the  rate  of  interface  travel,  or 
that  mixing  is  present  to  keep  an  impurity  enriched  layer  from  building 
up  in  the  liquid  at  the  interface.  In  the  usual  zone  melting  methods 
thermal  gradients  will  certainly  be  present  which  will  significantly 
aid  in  mixing  the  liquid.  For  efficient  zone  refining,  however,  the 
rate  of  travel  may  well  be  fast  enough  that  such  a  Iyer  does  in  fact 
form.  When  this  occurs  it  is  no  longer  the  equilibrium  distribution 
coefficient  which  determines  the  purification  process,  duu  the  eiiec— 
tive  distribution  coefficient.  This  is  given  by  Burton  et  al  (3). 

k  «  - ± -  (1) 

ko  +  (i  -  ko)  7S 
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\  ~  effective  distribution  coefficient, 
f  =  growth  rate, 

cl  =  liquid  film  thickness  in  which  solute  transport  is  by  diffusion 

MTllv  . 

“  * — d  y 

D  =  diffusivity  in  liquid. 

The  quantity  fd/D  is  designated  as  a  growth  parameter  and  as 
it  increases,  k  will  approach  unity  regardless  of  the  value  of  kQ.  For 
efficient  zone  melting  then,  since  1)  and,  to  some  extent,  d  are  fixed 
properties  of  the  liquid  a  small  growth  rate  is  desirable.  While  k0 
and  hence  k,  should  theoretically  be  available  from  phase  diagrams, 
most  presently  available  diagrams  are  not  of  sufficient  accuracy  for 
this.  Thurmond  and  Struthers  (ij)  have  developea  a  relation  between 
k0  and  temperature  from  solution  concentration  relations.  A  thermo¬ 
dynamic  approach  based  on  dilute  solutions  has  been  made  by  Hayes  and 
Chipman  (5). 

In  the  final  analysis,  however,  where  one  wishes  to  rid  one 
element  of  many  impurities  the  most  reliable  procedure  is  to  actually 
zone  melt  the  material  and  run  standard  analysis  after  different  num¬ 
bers  of  zone3  have  been  passed  through  it  at  different  rates. 

Let  us  now  consider  the  effect  on  the  impurity  level  of 
actually  passing  a  molten  zone  through  a  rod  of  material.  We  will 
pass  a  zone  of  length  L  along  a  bar,  of  cross  section  A,  with  an 
initial  impurity'  concentration  Cc  and  effective  distribution  coef¬ 
ficient  k  <  1,  As  the  molten  zone  moves  forward,  solid  with  an 
impurity  concentrs.tion  of  kC0  will  freeze  out  behind.  In  a  distance 
dx  then,  an  amount  of  impurity  equal  to  kC0Adx  will  have  frozen  out 
in  the  solid  while  ar.  amount  CcAdx  will  have  been  dissolved  into  the 
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liquid.  Thus  the  initial  solid  is  decreased  in  impurity  content  while 
the  liquid  is  increased.  As  the  molten  zone  continues  to  move,  the 
impurity  concentration  of  both  the  liquid  and  solid  will  increase  until 
the  concentration  in  the  liquid  has  reached  Gn/k  at  which  tiine  the  solid 
freezing  out  will  have  the  same  composition  as  that  melting,  No  change 
in  solute  concentrati on  sill  occur  as  the  zone  continues  moving  ; ntil 
it  reaches  the  end  of  the  bar  where  .Wl  the  solute  will  be  deposited. 

The  impurity  distribution  will  then  be  as  represented  in  figure  2. 


Figure  2 

The  net  area  he  Wen  me  C  line  and  the  curve  after  the  pass  must  of 
course  be  zero.  Because  of  this  the  solute  concentration  in  the  final 
length  L  of  the  bar  e i t ]  rise  quite  sharply  as  the  initial  length  of 
partially  pnrjjWc  material  ina y  extend  for  a  distance  much  greater  than 
L,  Re-..d  to)  Las  der've.!  an  equation  repress*"  ♦'u.g  the  impurity  distribu¬ 
tion  vn  1*  ■<,  a  di  stand  1.  f'r ns  t.ne  end  r-:  flaw..  ,i,  f  re  2. 


-kx/h 

~  =  1  -  (1  -  k)  e  (2) 

Co 

C  =  solute  concentration  in  solid, 
x  »  distance  from  front  end  of  bar. 

If  a  second  nass  is  now  made  through  the  rod,  the  initial 
solid  would  have  a  concentration  of  k  C0,  since  the  starting  concen¬ 
tration  was  kC0 .  The  length  of  the  partially  purified  section  will 
also  increase  as  will  the  final  impure  region.  As  more  and  more 
passes  are  made,  the  region  of  constant  solute  concentration,  C0, 
will  disappear  and  the  distribution  curves  will  take  on  the  forms 
shown  in  figure  3. 
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These  curves  are  of  course  merely  typical  representations,  the  actual 
shape  after  any  given  number  of  passes  depending  on  k  and  the  ratio  of 
zone  length  to  overall  length. 

While  it  might  be  anticipated  that  the  starting  end  of  the 
rod  would  approach  a  zero  level  of  impurities,  this  possibility  is 
prohibited  by  contamination  and  diffusion;  contamination  coming  from 
the  boat  and  the  atmosphere  surrounding  it.  A  steady  state  is  thus 
reached  at  which  the  impurities  are  entering  the  material  as  fast  as 
they  are  being  swept  out. 

The  above  discussion  was  concerned  with  systems  for  which  k 
is  less  than  unity.  Similar  arguments  apply  for  k  greater  than  unity. 
In  this  case,  however,  the  impurity  concentration  build-up  occurs  in 
the  starting  region. 

For  more  efficient  application  of  zone  refining  a  series  of 
closely  spaced  heaters  is  used  to  effect  the  purification  rather  than 
one  heater.  Thus,  for  example,  a  series  of  four  heaters  on  four- inch 
centers  traveling  two  inches  an  hour  can  effectively  pass  one  complete 
zone  through  a  sixteen- inch  specimen  every  two  hours  rather  than  the 
eight  hours  required  by  the  one  heater. 


2.2  General  Applications 

From  the  foregoing  discussion  certain  factors  may  be  selected 
for  consideration  in  attempting  to  zone  refine  any  given  material. 

Since  the  value  of  k  is  tee  controlling  factor  in  determining  the 
purification,  the  values  for  growth  rate  (f)  and  diffusion  film 
ohickness  (d)  upon  which  k  depends  must  be  selected  with  care.  Zone 
spacing  and  Jength  roust  also  be  considered.  Efficiency  considerations 
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would  call  i'or  a  short  pass  time,  which  might  be  achieved  by  increasing 
f,  'T  decreasing  2DI1I!  length  anu  separation.  If  f  is  increased,  however, 
K  will  approach  unit  and  purification  efficiency  will  fall  off.  Decreas¬ 
ing  d  by  stirring,  however,  nay  permit  an  increase  in  f  without  affecting 
k.  Once  the  value  for  f  is  chosen,  the  number  of  passes  needed  to  attain 
a  certain  purity  level  will  be  fixed,  and  sc  the  value  for  zone  length 
and  spacing  can  be  adjusted  to  give  optimum  pass  time  and  cost  of  oper¬ 
ation.  The  selection  of  the  actual  physical  requirements  for  zone 
refining  must  likewise  be  given  careful  consideration.  Two  general 
procedures  are  available;  each  presenting  its  own  particular  problems, 

(l)  Zone  purifying  in  a  container: 

In  this  case  the  choice  of  a  container  material  which  will 
not  contaminate  the  melt  is  obviously  of  greatest  importance.  Contam¬ 
ination  may  arise  from  direct  reaction  or  solution  between  the  container 
and  the  melt,  impurities  included  in  the  boat  material,  or  adsorbed 
gases  on  the  surface  of  the  boat,  A  low  thermal  conductivity  in  the 
boat  is  also  necessary'  for  good  control  of  the  zone  length.  There 
should  not  be  too  great  a  difference  between  the  thermal  expansions 
of  the  container  and  the  material  being  refined.  A  carefully  chosen 
and  controlled  atmosphere  must  be  maintained  over  the  melt  to  prevent 
contamination.  A  thoroughly  purified  noble  gas  will  usual!;/  be 
sufficient . 

Thp  hpa+.  necessarv  to  maintain  the  molten  zones  may  be  sup¬ 
plied  by  numerous  means;  resistance,  induction,  focused  infrared 
or  sunlight,  or  even  gas  flames,  are  a  few.  For  elements  such  as  gal¬ 
lium  (7)  or  mercury,  refrigerated  coils  can  be  employed  to  separate 
the  molten  zones.  In  the  usual  laboratory  batch  operation  a  series 


of  reciprocating  resistance  or  induction  heaters  is  usually  adequate.. 

(2)  Zone  purifying  without  a  container: 

In  cases  where  a  material  has  too  high  a  melting  point  or 
is  too  reactive  to  be  contained  in  a  boat,  several  specialized  tech¬ 
niques  have  been  developed.  One  of  tht  most  obvious  is  to  use  the 
material  itself  as  its  own  container.  This  may  be  jomplished  by 
forced  cooling  of  the  sides  and  bottom  of  the  specimen  or  shallow 
heating.  The  unpurified  material  may  then  be  mechanically  removed  or 
purified  in  a  subsequent  operation.  Other  processes  rely  mainly  on 
passing  through  the  solid  rod  a  molten  zone  held  in  place  by  its  sur¬ 
face  tension.  This  method  was  apparently  developed  independently  by 
several  workers,  but  was  first  described  by  Keck  and  Golay  (0),  who 
applied  it  to  silicon.  Induction  heating  is  generally  used  to  pro¬ 
duce  the  molten  zone  although  various  types  of  resistance  heaters 
have  been  used. 

Other  variations  in  this  technique  include  use  of  a  magnetic 
field  to  support  the  molten  zone  in  a  horizontal  rod  (9)  and  use  of 
square  rods  in  which  the  corners  do  not  melt  with  induction  heating 
anc  so  form  a  support  for  the  molten  zone  (10). 

2.3  Application  to  Tellurium,  Selenium  and  Sulfur 

For  the  growth  of  high  purity  CdTe  and  ZnTe  single  crystals 
suitable  for  photoconductivity  measurements,  a  high  state  of  purity 
in  the  raw  materials  was  necessary,  since  the  finished  CdTe  or  ZnTe 
cannot  be  purified  itself  owing  to  a  great  tendency  to  dissociate  upon 
melting.  It  was  therefore  necessary'  to  zone  refine  the  tellurium  and 
since  meager  data  was  available  for  selenium  and  sulfur,  they  were  also 
included.  From  their  reasonably  low  melting  points  (Te  -  1*52°,  Se  -  200° 
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S  -  ll£°C),  it  «f.n  decided  that  a  reciprocating  series  of  resistance 
heaters  acting  on  a  straight  rod  of  material  would  be  adequate.  The 
phase  diagrams  for  these  elements  and  the  variety  of  impurities 
usually  associated  with  them  were  not  generally  available  so  the 
values  for  zone  length,  spacing  and  rate  of  travel  were  arbitrarily 
selected  to  be  one-inch  heaters  spaced  four  inches  apart  with  an 
interface  rate  of  travel  of  two  inches  per  hour.  With  this  arrange¬ 
ment,  usi"  »  a  specimen  of  about  one-half  square  inch  cross  section 
and  s  '-.tp  •£.,  ;j  v  ;«  00  •’rw  :'purc "  material  was  obtained 

after  ’.isses. 

First  attempts  at  refining  used  a  moving  sealed  "Vycor" 
tube  about  90  percent  full,  and  stationary  heaters.  Almost  invariably 
these  tubes  broke  after  several  passes  as  did  silica  tubes  which  were 
also  tried.  As  a  result  of  this  the  entire  unit  was  redesigned  to  use 
moving  heaters  (figure  It).  In  this  apparatus  the  boat  could  be  placed 
inside  a  fixed  silica  tube  with  a  protective  atmosphere  or  evacuated, 
so  the  material  would  not  be  contaminated  in  the  event  the  container 
did  break.  Because  of  the  high  vapor  pressure  of  these  elements  at 
their  melting  points  it  was  not  feasible  to  refine  them  under  vacuum. 

An  atmosphere  of  high  ourity  helium  introduced  into  the  silica  tube 
after  passing  through  a  charcoal  trap  at  liquid  nitrogen  temperature 
resulted  in  a  film  free  surface  and  apparently  introduced  no  new 
impuri  tie  s . 

Since  "Vycor"  and  silica  were  unsatisfactory  for  a  container 
material,  a  recrystallized  alumina  thermocouple  protection  tube  was 
split  longitudinally  for  use  as  a  boat.  This  proved  entirely  satis¬ 
factory  from  a  ourity  standpoint  although  some  inconvenience  was 
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encountered  in  removing  the  material  as  a  result  of  its  wetting  action. 
Removal  was  best  accomplished  by  inverting  the  filled  boat  in  the  outer 
silica  container  and  running  one  pass  through  it.  The  mu  then  melted 
onto  the  silica  from  which  it  was  easily  removed. 

After  removal  from  the  boat  samples  were  taken  from  each 
four-inch  section  of  the  rod  for  spectrographic  analysis  to  be  com¬ 
pared  with  the  starting  material.  Although  high  purity  materials  were 
originally  used  for  zone  refining  it  was  subsequently  found,  particu¬ 
larly  with  tellurium,  thet  commercial  C.P.  grade  material  could  just 
as  readily  be  reduced  to  the  sarnie  final  impurity  level.  .  typical 
zone  refined  Te  specimen  before  removal  from  its  boat  is  shown  in 
figure  5>. 

Some  work  has  been  done  on.  the  zone  refining  of  other  metals 
to  determine  the  overall  adaptability  of  this  particular  arrangement. 
Cadmium,  zinc  and  aluminum  were  run  through  this  purifier  and  the 
greatest  difficulty  encountered  seemed  to  be  due  to  the  relatively 
high  thermal  conductivity  of  these  elements.  Either  the  two  end  zones 
tended  to  freeze  solid  when  an  inch  or  more  material  was  outside  the 
end  heaters  or  the  interior  solid  zones  melted  when  enough  heat  was 
supplied  to  keep  the  end  zones  molten.  Some  short-time  purifications 
were  made  on  zinc  and  aluminum  by  manually  controlling  the  power  to  the 
heaters  to  maintain  the  proper  zones,  but  the  problem  could  certainly 
be  eliminated  by  narrower  heaters  more  widely  spaced.  Molten  aluminum 
has  a  sufficiently  low  vapor  pressure  to  enable  it  to  be  zone  refined 
under  vacuum,  without  appreciable  volatilization  or  oxide  formation. 

Zinc  must  be  placed  in  the  boat  in  the  form  of  a  one-piece 
rod  since  the  usual  granular  or  cbioped  zinc  has  such  a  heavy  film  on 
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its  surface  it  will  not  melt  together.  This  problem  was  also  encoun¬ 
tered  in  trying  to  use  tellurium  powder  as  the  starting  material. 

A  set  of  typical  spectrographical  analyses  is  given  in  table 
I.  This  data  indicates  that,  the  principle  of  zone  refining  is  readily 
adaptable  to  the  prenaration  of  very  pure  elements  for  use  in  growing 
single  crystals  of  CdTe  and  ZnTe. 


Table  I 


1. 

original 

tellurium  ) 

H 

-  Major  constituent 

2. 

rmr.ifieb 

tellurium  (60  pusses) 

tr 

-  trace 

3 

original 

selenium  (high  purity) 

Ftr 

-  faint  trace 

I. , 

purified 

selenium  (35  masses) 

VFtr 

-  very  faint  trace 

c  _ 

original 

sulfur  (C.P.) 

VVFtr 

-  very  very  faint  trace 

6. 

purified 

sulfur  (35  passes) 

BS 

-  barely  shows 

3.0  CRYSTAL  GROWTH 
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the  problem  of  transforming  it  into  single  crystals  must  then  be-  con¬ 
sidered.  The  four  i;pnpra!  processes  aval  labile  for  crystal  growth  are 
the  phase  trnnnfomai  i  onn  vanor-soJid,  liquid-solid,  and  solid-solid, 
and  crystallization  from  solution*  For  *vr.i conductors,  the  most  readily 
;mn*M  enhl  a  from  a  cons 1 demi  1 on  ' ■  -  their  physical  pro;';’ r  t.i CP  and  the 
most  commonly  used,  are  tlx  vapor  phase  and  paid  ptiabe  transformations. 

A  brief  con;: '.deration  of  the  aspects  of  actual  crystal  formation 
is  first  desirable  regardless  of  the  method  of  formation.  J.  W.  Gibbs 
presented  a  qualitative  theory  of  crystal  growth  based  on  thermodynam¬ 
ical  reasoning  in  the  latter  KlOO's,  but  the  theory  put  forth  by 
Curie  (ll)  in  1803'  was  the  first  to  gain  prominent  recognition  by 
crystallographers  (12).  This  theory  nreceeded  the  atomic  picture  as 
we  now  know  it  and  war.  instead  bared  on  the  relationship  between 
crystalline  form  and  surface  energy  of  a  solid,  the  proper  crystal¬ 
line  form  being  that  which  gave  the  lowest  energy.  Several  workers 
including  Kilt.on  ( 1 3 )  and  Wulff  (Hi)  extended  this  theory  but  shortly 
after,  Berthoud  (18)  showed  that  this  approach  predicted  the  more 
rapid  a  crystal  grew  the  more  complex  its  fora  would  become,  when  in 
fact  the  opposite  is  true.  Since  ti.cn  many  theories  have  been  devel¬ 
oped,  the  more  recent  cues  having  hem  evolved  from  a  consideration 
of  defect  structure.  Buckley  (1")  presents  a  historical  compilation 
of  the  many  possibilities  presented  throughout  th  l?20’s  and  30’s, 
based  for  the  most  mart  on  the  writings  of  Smekal  and  Zwicfcy,  The 


present  status  of  theory  is  a  synthesis  of  generally  accepted  ideals 
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based  o;  n-etical  considerations  and  empirical  facts. 

Generally,  and  it  might  be  added  ideally,  crystals  may  be 
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ii.-  an  orderly 
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the  pattern  of  repetition.  Throughout  this  arrangement,  in  different 
directions  there  must  then  be  different  sets  of  planes  of  atoms.  In 
crystal  growth  once  a  lattice  face  is  formed,  atoms  will  be  arriving 
at  and  leaving  from  this  plane  at  equal  rates,  assuming  equilibrium 
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atom,  however,  it  will  have  a  greater  tendency  to  remain  there  since 
it  is  now  "bound"  in  two  places  and  will  thus  have  lower  energy.  As 
this  process  is  repeated  a  "step"  will  be  built  up  and  continue  to 
propagate  over  the  surface  until  a  new  plane  is  completed.  "IJucleation" 
of  a  plane  may  occur  in  several  spiaces  and  if  anything  arises  such 
as  a  previous  dislocation  or  a  foreign  atom  entering  the  structure, 
a  dislocation  will  occur  where  the  nuclei  grow  together.  The  presence 
of  such  dislocations  as  a  prerequisite  for  continuing  crystal  growth 
has  beer,  called  for  in  the  theory  of  ,?rank  (16). 

Although  these  observations  apply  to  crystals  in  general, 
further  considerations  will  depend  on  the  nature  of  crystal  growth 
and  the  particular  habits  of  the  individual  crystal. 


3 . 2  Growth  from  Melt 

.'he  wide  variety  cf  crystals  with  an  even  wider  variety  of 
properties  which  may  be  grown  from  the  melt  has  lead  to  almost  as  many 
crystal -gr  '-jing  techniques  as  crystals.  Certain  factors,  however,  are 
basic  to  them  all.  The  factor  commonly  accented  as  most  important  is 
the  rate  cf  heat  removal  frem  the  growing  crystal  face  (17),  which  in 
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turn  depends  on  the  rate  of  heat  loss  from  the  solid  and  heat  gain  from 
the  liquid. 

It  is  generally  believed  (IB)  that  atoms  can  enter  into  an 
orderly  lattice  arrangement  much  faster  than  common  rates  of  crystal 
growth  allow.  It  might  seem  then  that  rates  of  growth  should  be 
increased,  but  if  we  examine  the  treatment  of  this  question  by  Pfann  (17) 
we  find  a  limiting  factor  does  exist.  At  the  interface  between  solid 
and  liquid  the  heat  balance  equation  is  given  by: 

Vs  ‘  RH  +  *1  °1 

heat  leaving  -  heat  arriving 

If  -  thermal  conductivity 
G  -  temperature  gradient 
H  -  heat  of  fUsion 

R  -  growth  rate 

s  -  solid 

1  -  liquid 

If  the  temperature  gradient  in  the  liquid  were  zero  we 
would  have  maximum  growth  rate.  This  would  necessitate  the  liquid 
being  exactly  at  the  melting  point,  or  more  specifically  at  the  tem¬ 
perature  of  the  interface  if  supercooling  or  impurities  were  present, 
a  condition  which  would  surely  lead  to  excess  nucleation  and  loss  of 
single  crystal  character.  Increasing  Gs  would  also  increase  R,  but 
would  most  likely  lead  to  induced  thermal  stresses  and  resulting 
defects  in  the  crystal. 
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rj'ami  also  suggests  the  use  of  the  Peltier  effect  to  cause 
cooling  at  the  interface.  For  this  to  be  effective,  however,  the 
Peltier  coefficient  for  solid  against  liquid  must  oc  reasonably  large 
and  Juule  heating  must  be  small. 

Excess  nucleation  in  the  melt  upon  cooling  will  result  in  a 
polycrystallinc  mass  being  formed  xnsitsau  of  the  ueaxieu  axngj.e  crystal. 
This  danger  increases  as  the  extent  of  possible  supercooling  and  solid 
inpurity  content  increases.  For  those  reasons  extreme  care  must  be 
taken  to  prevent  the  entrance  of  foreign  bodies  into  the  melt.  The 
growth  container  and  atmosphere  are  the  usual  sources  of  such  contami¬ 
nates.  When  single  crystals  arc  being  grown  from  the  melt  by  reaction 
of  the  elements  and  subsequent  melting,  the  melt  should  be  heated  well 
above  the  melting  point  of  the  compound  to  facilitate  complete  reac¬ 
tion  and  destroy  any  nuclei.  A  large  temperature  gradient  in  the 
liquid  helps  reduce  the  degree  of  supercooling  and  thus  reduces  excess 
nucleation.  Melt-grown  crystals  are  also  subjected  to  a  zons-refining 
action  as  the  interface  slowly  progresses.  If  little  or  no  disturbance 
is  present,  as  is  certainly  desired  from  a  crystal  growth  point  of 
view,  an  impurity-enriched  zone  with  a  higher  freezing  temperature 
may  build  up  in  the  liquid  at  the  interface.  This  effect  which  was 
pointed  out  by  Rutter  and  Chalmers  (1?)  and  designated  constitutional 
supercooling,  may  well  lead  to  spurious  nucleation.  This  phenomena 
must,  he  taken  into  account  when  growing  crystals  vnUh  pn—rioc e  1  y  added 
impurities.  The  presence  of  this  .ayer  can  also  lead  to  instability 
of  the  actual  interface  and  hence  to  poor  crystal  formation.  A  compre¬ 
hensive  treatment  of  this  problem  is  given  by  Wagner  (20). 
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3c.ni-  processes  for  r.cl ’•-prmtr-  crystals  employ  the  additional 
refinement  of  introducing  a  small  seed  crystal  into  the  melt  to  obtain 
a  more  favorable  orientation  of  the  crystal.  Certain  crystal  lattice 
typos  have  preferred  directions  for  growing,  and  single  crystals  can 
be  produced  more  readily  if  growth  is  purposely  started  in  one  of 
these  directions,  particularly  if  the  crystal  is  being  grown  in  a 
comparatively  narrow  tube  as  if  often  the  case.  While  the  existence 
of  these  preferred  growth  directions  has  been  clearly  established  (21), 
no  extensive  compilation  of  data  has  definitely  shown  that  "allowing" 
the  crystals  to  grow  in  these  directions  results  in  more  perfect  struc¬ 
tures.  Intuitively,  it  seems  reasonable  and  Pfarrn  suggests  that 
available  evidence  indicates  that  it  does. 

Most  materials  which  melt  at  reasonable  temperatures 
without  decomposition  and  are  not  too  reactive  can  be  grown  from  the 
melt.  Tne  general  procedure  is  to  cool  one  end  cf  the  melt  unt:.l  a 
seed  crystal  forms  or  purposely  seed  the  melt  and  then  pass  a  sharp 
temperature  gradient  through  it  to  effect  continued  crystallisation. 
Historically,  l'anr.ann  (22)  was  the  first  to  make  extensive  studies  of 
procedures  for  growing  metal  crystals  from  the  melt.  He  used  a  long 
narrow  tip  on  the  end  of  his  crystal  growing  container,  which  he  cooled 
until  nucleation  occurred,  keeping  the  main  melt  slightly  warmer.  If 
several  nuclei  were  formed  at  least  one  of  hem  would  have  a  favorable 
orientation  tc  grow  rapidly  along  the  tube  and  "squeeze  out"  the  other 
seeds  by  the  time  it  reached  the  main  tube.  Further  cooling  of  the 
remainder  of  the  melt  would  often  lead  to  one  continuous  single  crys¬ 
tal.  Uridgman  1,23)  used  the  same  idea,  with  the  modification  cf  cooling 
the  tube  to  cause  crystallization  by  lowering  it  into  a  heat  sink. 
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usually  air,  the  rate  of  travel  beinj;  slow  enough  to  allow  for  heat 
rpr.i  ,t  ;<  I  nnri  pmpo  r  orientation  of  the  advancing  crystal  front.  The 
usual  container  material  was  glass,  but  as  higher  melting  crystals 
were  grown  ceramic  tubes  cane  into  use.  Many  soecialized  adaptations 
of  Bridgman's  method  were  made  for  growing  crystals  of  such  materials 
as  nickel,  copper,  bismuth,  and  some  alkali  halides.  A  number  of 
special  furnaces  and  lowering  (or  raising)  devices  were  thus  origina¬ 
ted.  but  perhaps  the  most  commonly  used  is  that  with  which  Stockbarger 
(2li)  grew  lithium  fluoride  crystals.  The  main  feature  of  this  tech¬ 
nique  is  the  use  of  a  horizontally  split  vertical  furnace.  Each  half 
is  independently  heated  and  controlled  with  a  platinum  radiation 
baffle  between  them.  An  extremely  sharp  temperature  gradient  can  thus 
be  maintained  which  will  cause  crystallization  as  the  melt  is  lowered 
through  it.  Further  refinements  include  exponential  winding  of  the 
heater  wire  at  the  ends  of  the  furnace  and  a  mchrome  liner  inside 
the  furnace  to  even  out  undesirable  temperature  gradients.  Since 
the  bottom  section  of  the  furnace  need  be  only  slightly  below  the 
crystal  melting  point  there  is  no  risk  of  thermal  stresses  being 
incorporated  into  the  growing  crystal.  For  iiF,  Stockbarger  used  a 
double  walled  platinum  foil  crucible  supported  on  an  alumina,  cement 
capped  stainless  steel  lowering  device.  With  this  apparatus  he  was 
able  to  produce  i.iF  crystals  up  to  three  inches  in  diameter  and 
iauer  modj.ficatior.s  produced  crystal  six  inches  acx-u.ss  of  optical 
quality. 

A  more  usual  growth  process  war  that  of  Kapitza  (5),  who 
grew  metal  crystals  by  the  Bridgman  method  but  was  unable  to  obtain 
the  desired  orientations.  This  he  attributed  to  a  difference  in  the 
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thermal  expansion  between  the  crystal,  in  this  cane  bismuth,  and  the 
container.  To  eliminate  this  ne  melted  a  rod  of  the  metal  on  a  shielded 
copner  plate  and  seeded  the  small  end  with  a  crystal  of  the  proper 
orientation.  As  the  rod  was  cooled  this  orientation  persisted  through¬ 
out  the  entire  crystal.  This  same  process  is  now  employed  in  single 
crystal  growth  by  the  zone  refining  technique. 

A  departure  from  these  techniques  is  that  of  growing  single 
crystals  without  a  container;  that  is,  pulling  the  crystal  from  the 
melt.  The  method  was  first  used  by  CsochralsVi  (?6)  to  measure  the 
rate  of  crystallization  of  different  metals,  but  was  soon  adented  to 
mroduce  single  crystal  wires.  Briefly  the  process  consists  of  plunging 
a  glass  capillary  into  a  melt  of  the  metal  and  slowly  withdrawing  it. 
Surface  tension  draws  the  liquid  metal  up  to  the  capillary  where  it 
solidifies  and  as  the  tube  is  raised  a  crystal  grows  down  toward  the 
melt.  Surface  tension  and  the  density  of  the  metal  will  control  the 
allowable  distance  from  the  crystal  face  to  the  melt.  As  usual  many 
modifications  were  made  of  this  method  for  different  crystals,  one 
of  the  most  recent  being  that  of  Roth  and  Taylor  (27)  for  germanium 
crystals . 

A  similar,  but  distinctly  different  method  is  that  of 
Kyropoulos  (28)  in  which  the  crystal  is  grown  from  a  seed  actually 
introduced  into  tne  melt.  This  method  has  been  improved  by  Teal  and 
Little  (29)  and  others  for  producing  large  germanium  crystals  ar.d  has 
probably  helped  advance  the  technology  of  transistors  more  than  any 
other  single  technique.  The  entire  melt  can  be  pulled  into  the  crys¬ 
tal  and  by  iudicious  additions  of  carefully  selected  "impurities''1 
during  growth,  junctions  may  be  grown  directly  into  the  crystal.  The 
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orientation  of  the  seed  crystal  car,  be  selected  to  produce  the  correctly 
oriented  finished  crvstal .  but  apparently  germanium  grows  equally  well 
from  several  different  faces  (17),  '"he  seed  ciyslai  must  be  simulta¬ 
neously  but  independently,  rotated  as  it  is  pulled  from  the  melt.  A 
rotation  of  about  100  rpm  is  usually  sufficient  to  even  out  heat  flow 
and  maintain  convection  in  the  melt .  while  the  pulling  rate  is  generally 
in  the  region  of  50  microns  per  second.  A  graphite  crucible  is  commonly 
employed  to  hold  the  melt  and  act  as  a  susceptor  for  induction  heating. 

A  complete  treatment  cf  the  process  of  growing  single  crystals  of  ger¬ 
manium  is  given  by  Dradley  (30). 

extremely  pure  crystals  have  been  grown  by  thus  technique, 
the  greatest  causes  of  defects  being  thermal  stresses,  variations  in 
growth  rate  and  the  presence  of  impurities.  A  zone  leveling  technique 
similar  to  that  used  by  Kapitza  can  be  applied  to  imperfect  semiconductor 
crystals  both  to  promote  single  crystal  character  and  to  level  out 
impurity  concentrations  throughout  the  length  of  the  crystal.  This  is 
particularly  applicable  to  "doped"  crystals  where  segregation  may 
occur  during  growth. 

A  still  different  approach,  particularly  adaptable  to  stable 
refractory  materials,  is  the  flame  fusion  process  developed  by  Verneuil 
(31).  A  fane  powder  of  the  material  from  which  the  crystal  is  to  be 
grown  is  fed  into  the  gas  stream  of  an  oxy-hyorogen  burner  before  it 
reaches  the  burner  nozzle.  During  combustion  the  powder  melts  and  is 
carried  by  the  flame  to  a  rotation  seed  crystal  cemented  to  a  refractory 
rod.  As  more  material  is  deposited  on  the  seed  ana  the  crystal  grows 
the  supnort  rod  is  gradually  rowered. 


.  3  Growth  from  Vapor  Phase 


Many  cf  the  more  interesting  semiconducting  and  photocon¬ 
ducting  compounds  cannot  be  crystallized,  from  the  melt  because  of 
a  tendency  to  dissociate  and  vaporize.  This  is  particularly  true  for 
many  sulfides  and  seienides  and  some  tellurides.  Two  general  methods 
available  to  produce  crystals  of  these  materials  are  vapor  phase  growth 
and  hydrothermal  techniques,  neither  of  which  readily  results  in  very 
large  crystals.  Heinz  and  Kanks  (3?)  have  reported  growing  cadmium 
selenide  single  crystals  in  a  pressure  bomb  at  1100  degrees  C  and  2p0 
psi.  These  crystals,  however,  contained  a  large  excess  of  cadmium. 

The  usual  vapor  phase  process  involves  passing  an  inert  gas 
over  the  molten  constituents,  carrying  their  vapors  into  a  reaction 
chamber  where  the  compound  forms  and  crystallizes  out  on  the  walls  of 
the  chamber.  Extremely  pure,  unstrained  crystals  can  be  produced  this 
way  although  they  are  usually  in  the  foiw  of  tnin  plates.  Bishop  and 
Liebson  (.33)  have  grown  CdS  crystals  several,  square  centimeters  in 
area  and  up  to  one  millimeter  thick  by  this  method,  using  urge.** 
the  carrying  gas,  and  maintaining  the  reaction  chamber  at  1000  degrees 
C. 

Frer.ichs  (3il)  has  grown  CdS,  CdSe.  "die  by  reaction  of  cad¬ 
mium  vanor  with  H?S ,  H^Se,  and  HgTe,  resoectively .  Very  pure  single 

O 

crystals  in  ;ihe  torn  of  thin  nlates  a  few  cm  in  area  were  obtained. 

Sma.11  crystals  of  CdS  have  been  obtained  by  simply  placing 
a  boat  containing  porn>  CdS  powder  in  a  furnace  with  a  temperature 
gradient  present.  Over  a  neriod  of  time  some  of  the  CdS  will  vaporize 
and  condense  in  the  form  of  orys+sls  in  a  cooler  part  of  the  furnace. 
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3-Ji  Orcwth  cf  Cadmium  Telluride  and  Zinc  Telluride 

considvjrii ti'-'H  o ■f'  Llis  prsvicusly  discusssd  crystsi 
growth  nrocesses  and  their  properties  it  was  anticipated  that  both 
CriTa  and  ZnTe  could  be  best  grown  by  the  Stockbarger  method.  A 
modified  stockbarger  apparatus  was  constructed  for  this  use;  modified 
in  the  sense  that  instead  of  lowering  the  crystal,  the  furnace  itself 
is  raised  thus  eliminating  possible  vibrations  from  disturbing  the 
growing  crystal.  A  sectional  diagram  of  the  furnace  is  shown  in 
figure  6.  The  heaters  consists  of  O.ObO  inch  Pt-?0$  Rh  wire  wound 
uniformly  on  recrystallized  alumina  tubes  except  over  the  last  two 
inches  where  an  exponential  winding  was  used.  The  radiation  baffle 
is  comprised  of  two  thin  alumina  discs  on  each  side  of  a  two  mil 
platinum  foil  giving  a  total  thickness  of  slightly  over  1/8  inch. 

Each  side  of  the  baffle  is  recessed  to  hold  the  alumina  tubes  in  place 
and  bring  the  two  heaters  closer  together  to  give  a  sharper  temperature 
gradient.  The  heater-baffle  assembly  is  held  in  place  in  the  stain¬ 
less  steel  shell  by  insulating  bricks,  the  remainder  of  the  volume 
being  filled  with  magnesia  bubbles. 

The  furnace  is  mounted  in  ire  rack  shown  in  figure  7,  along 
with  the  power  supply,  temperature  control  units,  and  drive  mechanisms. 
The  furnace  is  counterweighted  and  mounted  on  rollers  in  tracks  to 
facilitate  movements  up  or  down  around  the  reaction  tube.  A  lead 
screw  mounted  on  the  rack  with  brass  bushings  and  running  through  a 
split  nut  on  the  side  of  the  furnace  can  raise  or  lower  the  furnace 
by  moans  of  a  gear  train  driven  by  a  thyratren  controlled  variable 
speed  motor.  The  rate  of  furnace  travel  can  to  regulated  between  0.9 
and  V  rv-./ nr.,  3?  inches  being  available  for  travel.  The  split  nut  can 
b  ■  •:>  c  i.;-.-  furnace  moved  manually  when  be* died. 
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FIGURE 


lower  is  supplied  by  a  variable  transformer,  a  variable  power 
resistor  being  placed  in  series  with  the  lower  furnace  winding  to  keep 
it  at  a  lower  temperature.  Temperature  control  is  of  the  Incremental 
type;  that  is,  the  control  units  switch  in  and  out  of  the  circuit  one 
side  of  a  set  of  parallel  resistors  which  is  in  series  with  the  fur¬ 
nace  winding.  The  degree  of  control  is  governed  by  the  value  of  the 
two  parallel  resistors.  For  this  furnace  where  each  winding  has  about 
eight  ohms  resistance  at  operating  temperature,  one  ohm  resistors  are 
used.  Temperature  control  units  themselves  use  platinum  resistance 
thermometers  imbedded  in  the  furnace  adjacent  to  the  heaters  as  the 
sensing  device.  The  control  unit  is  given  in  figure  8  and  consists 
of  a  Wheatstone  bridge  circuit  operating  at  60  cps,  balanced  by  a 
ten-turn  precision  helipot.  The  bridge  output  due  to  changes  in  the 
resistance  of  the  sensing  device  is  amplified  and  fed  to  a  phase 
splitting  circuit  feeding  directly  into  a  grid  controlled  rectifier 
which  supplies  the  screen  and  control  grid  voltages  of  the  beam  power 
output  tube,  A  Sunvic  thermal  relay  with  a  capacity  of  12  amps  at 
115  volts,  which  will  switch  witn  a  current  change  of  less  than  one  ma 
from  its  normal  operating  position  of  about  20  ma  is  located  in  the 
plate  circuit  of  the  output  tube.  Short  time  control  of  about  *  0.1°C 
and  overall  control  of  about  *  0.5°C  is  attained  with  these  units  at 
1000°C. 

The  furnace  driving  gear  train  is  further  reduced  and  extended 
to  the  transformer  to  give  a  rundown  time  of  frcm  273  to  27.3  hours  from 
full  on.  This  allows  annealing  rates  of  from  about  16  to  160  degrees 
Pc-r  hour. 
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The  specimens  were  prepared  for  growth  by  weighing  stoichio¬ 
metric  amounts  of  zone  refined  tellurium  and  high  purity  cadmium  into 
a  thick  walled  silica  container,  12  mm  in  diameter.  These  were  then 
pumped  down  on  a  hifji  vacuum  system  to  a  pressure  of  less  than  10-^  ran 
of  Hg  and  scaled  off.  The  batch  filled  about  60  to  60?  of  the  volume. 
This  was  then  placed  inside  a  muliite  protection  tube  also  connected 
to  a  vacuum  system  and  suspended  in  the  furnace,  as  shown  in  figure  7. 
Since  CdTe  melts  at  10lil°C  the  container  was  heated  to  about  1120°C 
and  then  cooled  to  1080°C  before  crystal  growth  was  started  to  assure 
complete  reaction  and  reduce  the  chance  of  any  nuclei  remaining.  At 
this  temperature  the  vapor  pressure  of  CdTe  is  sufficient  to  cause 
the  silica  container  to  "balloon"  out  against  the  muliite  tube.  To 
prevent  this  it  was  found  necessary  to  encase  cr.s  Silica  tube  in  a 
close  fitting  alumina  tube.  The  entire  assembly  is  shown  in  figure  9.. 

Before  starting  to  grow  the  crystal,  the  muliite  tube  was 
flushed  several  times  with  high  purity  helium  to  remove  any  oxygen 
which  would  diffuse  through  the  silica  at  high  temperatures,  and  to 
prevent  contamination  of  the  crystal  in  the  event  the  silica  container 
cracked.  A  slight  overpressure  was  sealed  off  in  the  muliite  tube  to 
further  help  reduce  the  exTiansion  of  the  container. 

The  furnace  height  was  set  manually  so  that  the  bottom  of 
the  container  was  about  1?  inch  above  the  baffle,  assuring  the  enti  re 
tube  of  being  at  the  same  temrerature.  The  furnace  was  heated  at  the 
rate  of  100  degrees  per  hour  up  to  700°C.  and  23-30  degrees  per  hour 
after  that,  since  it  is  believed  the  highly  exothermic  reaction  between 
Cd  ar.d  Te  takes  place  at.  about  770^0 ,  The  bottom  furnace  was  brought 
to  1C10°C  and  the  ten  to  1080°C  where  the  con trox  units  take  over.  If 


was  fount:  advisable  to  hold  U.e  fun  lci>  b  tit  these  temperatures  overnight 

trol  units  to  be  set  for  maximum  sensitivity. 

Fur  i ace  travel  rates  of  from  L . 5  to  6  mm/hr  were  used  with 
nc  apparent  difference  in  the  quality  of  crystal  grown.  Two  mm/hr 
was  adonted  as  a  standard,  however,  to  eliminate  any  variables  which 
did  occur.  Annealing  rates  were  likewise  varied  with  no  appreciable 
effects.  This  also  was  standardized,  at  25  degrees  per  hour.  Using 
the  standard  technique  described  above,  a  success  ratio  of  about  60? 
was  obtained  in  growing  single  crystals  of  CdTe. 

Since  Jenny  and  Bube  (5)  had  reported  the  occurrence  of  both 
a-type  and  p-tyne  semiconductivity  in  impurity  doped  CdTe,  melts  were 
made  containing  0.1  mole  percent  silver,  bismuth,  indium,  antimony, 
and  thallium  alcng  with  pure  CdTe.  These  with  Ag,  Cu,  In,  and  Sb 
proved  quite  successful,  3C-U0  gram  single  crystals  being  obtained. 
Thermal  emf  measurements  indicate  p-type  character  for  Ag  and  Cu,  and 
n-type  for  In  and  Sb.  These  results  agree  with  what  is  to  be  expected 
f'rom  the  normal  substitutional  feature  of  higher  valence  cations 
increasing  the  n-type  character  and  lower  valence  cations  increasing 
the  p-type  character.  The  opposite  effect  holds  true  for  anion  substi¬ 
tution,  higher  valence  giving  p-type  and  lower,  n-type. 

Pure  CdTe  turns  out  to  be  p-type,  due  probably  to  cadmium 
vacancies  as  nas  Beer,  suggested  by  Aroger  and  de  Nobel  (36). 

A  Dictograph  of  some  cleaved  pure  crystals  is  shown  in  figure 

10. 

Powder  method  x-ray  diffraction  measurements  of  pure  Ca?e 
shew  the  cubic  unit  cei  :  parameter  to  be  6.L57  -  0.005"  A.  Impurity 
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(loose!  crystals  were  also  investigated  but  no  change  in  lattice  para¬ 
meter  could  be  determined  within  these  limits  of  accuracy. 

Cadmium  telluride  crystallizes  in  the  zincblende  structure. 

It  always  cleaves  in  the  (110)  plane  and  in  this  plane  it  cleaves 
along  the  111  direction. 

Those  batches  which  did  not  give  single  crystals  w*  *  .  all 
comnlete  polycrystalline  masses  indicating  that  extreme  supercooling 
may  have  taken  place  resulting  in  sudden  crystallization  when  nuclei 
did  form.  In  no  cases  did  a  sample  turn  out  to  be  single  crystal, 
part  way  up  the  container  and  then  degenerate  into  a  polycrystalline 
form. 

Only  one  successful  ZnTe  single  crystal  was  grown.  The 
higher  melting  point  of  this  material  (1280°C)  seems  to  place  it 
at  the  extreme  limit  of  this  method.  In  practically  all  cases  the 
container  broke,  often  violently.  In  an  attempt  to  contain  this 
material  a  graphite  die  with  a  screw  top  was  machined  to  enclose  the 
silica  container.  While  no  crystals  were  obtained  using  this  arrange¬ 
ment  it  was  not  investigated  extensively  and  further  adaptations, 
mainly  a  substitute  for  the  silica  container,  might  well  prove  success¬ 
ful.  If  so,  it  could  be  adapted  to  other  volatile  compounds  such  as 
CdSe,  and  mercury  selenide  and  tellurides. 
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Figure  11 


Calculatinna  of  permitted  velocities  of  electrons  in  this 
metal  using  the  Schroainger  wave  equation  with  a  constant,  potential 
show  a  sens  of  velocities  corresponding  to  definite  wavelengths 

i 

according  to  equation  (1).  This  means  the  electron  is  permitted  only- 
certain  discrete  velocities  (energies),  and  sc  figure  11  should  more 


ponding  to  this  series. 

Since  there  are  more  possible  energy  levels  in  a  crystal  than 
there  are  electrons,  if  we  start  filling  the  levels,  nakinr  use  of  the 
Pauli  exclusion  principle,  which  states  that  two  electrons  may  occupy 
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In  12a  the  first  zone  is  uortn  Lou.ly  full  ar.u  t.vi  r.ocond  zone  is  empty. 

There  is,  moreover,  a  re  7  lor.  of  forc;ici:5«*o  eneirxe-  separating  these  zones. 

An  energy  greater  than  this  gap  r.ust  he  suppiied  the  electrons  before 
they  can  be  raised  to  an  enpty  .-vei  m  vhicir  they  are  f* free 11 .  If,  on  the 
other  hand ,  the  bo  tic:*;  /a  «,e  wv:  not  oorpi-c*eiy  fill,  the  uppermost  electrons 


would  have  a  w- i  of  s'.a'.'  r.  l.e  w>i  t  s  ny  cuufr:  easily  he  raised 
and  ccntrituti  In  a  contain  ti  on  pro:.env  r  i  t. :  i  s  overlap  so 

the:":  i.»  ,uoa  •*  witii'i  a:  of  n. ,  r  .. nai  yry  love.s  U.  v/hicr.  electrons 
may  bo  c  •:  i  y  rn :~.-n  (Jovalcnt-.  on  .4  particularly  ionic  crystals  pener- 
ally  have  nartv  sancs  .j::d  larja:  gaps  I;.  ea  th.-ir  varying  potential 

field  and  since  each  atop,  or  ion  .applies  an  over,  number  of  valence 
electrons,  the  highest  filled  .tone  v.  1  .  :  or  oojr.p]  etc  i  y  foil.  Tho.ro 
materials  then  will  not  exhibit  metallic  conductin'.  They  may  i.t  made 
to  conduct  only  if  sufficient,  onerpy  is  supplied  to  some  electrons  to 
raise  them  across  this  pip.  Tf  a  sufficient  concentration  ot  free  elec¬ 
trons  and  holes  is  created  by  thermal  excitation  to  five  rise  to  a  resis¬ 
tivity  in  the  range  ii/'’  to  io'1  ohm -cm  the  material  is  railed  an  intrinsic 
Semiconductor.  The  nutl. ..  r  of  el'?'  lions  m  the  conduction  bane  ol  a  semi- 
condictor  or  insulator  with  nr-ivy  .-up  £  and  at  temperature  T  is: 
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where  k  is  the  Bo  I  tsm-xir  i. instant 

At  room  teirperatun  kT  0.01?  r  V,  for  <  .  mend  for  which  E  os  10  eV 
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which  will  be  ar.  uxtremoly  small  number  of  free  electrons. 

For  grey  tin,  E  if  0.1  eV  so 
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which  means  that  about  one  percent  of  the  states  in  the  conduction  band 
iri.ll  be  filled. 

Thus,  we  see  that  there  in  no  real  difference  between  insulators 
and  semiconductors,  the  designation  depending  only  on  the  width  of  the 
forbidden  zone.  If  l he  conduction  process  is  duo  to  free  carriers  arising 
from  discrete  levels  located  in  the  forbidden  cote  the  sc] in  is  sale  to 
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donor  levels  which  normal  ;•  r  c’«rtrcr.s  wai*  h  may  h«  ’Vjor.at eo11  to 
the  conduction  band,  ants  acctpier  l'*ve  which  may  ".u’ccpl1*  e ) :»•  i 1  ens  fivm 
the  valence  bond  giving  ruse  to  1'rvf  Ak  ^:h-  would  «rd  !■  ipatr, 

soraiconduc tors  and  innu  J  avers  goner:.'  i  .  have  a  r.tpa*ive  thermal  resistivity 
coefficient,  the  real siau  :v  decreasing  as  the  ttmpcratwre  increased  due 
to  the  increase  m  the  nurdr-v  o,r  fro*-  rnr^ent  <a,-rie*s  v;j  t h  t<  roperal ere-. 

In  solids  with  impurity  :*r>v*  hewev*  i\  the;-**  may  be  a  temper¬ 
ature  range-  between  the  ojctrmfcjo  and  intrinsic  conductivity  r<  p  ion:;  in 
which  a  positive  thermal  resistivity  cot.-ff  i-*:  ont  exists-  This  arise  s  fjviu 
the  fact  that  the  tnyjur.it y  lcvc's,  which  vn  1=  \  t  ionized  a*  low  ♦  ‘•npera- 
turcs,  maybe  emptied  refer.  intrinsic  conductivity  s  fjli  control 

cf  the  conduction  process,  in  thin  state  the  material  is  similar  to  a 
metallic  conclude r . 

If  energy  is  now  supplier,  tu  tb  so]i<i  sufficient  to  change?  the 
number  of  free  carriers,  a  change  m  conduct.! vj  t  \  will  be  occasioned.  If 
this  energy  is  precisely  defined,  the  gup  width  or  distance  between 
various  levels  in  the  forbieden  zone  and  the  va 'once?  and  conduction  bands 
may  be  determined  b;.  noting  the  energies  which  cause  the  greatest  increases 
in  conductivity.  Since  the  maximum  intrinsic  energy  gap  width  usually 
encountered  in  semiconductors  is  the  order  of  ? . f  eV,  one  of  the  most 
convenient  methods  of  supplying  this  energy  is  optical  radiation. 

The  quantum  relation  eV  -  h'\  ,  where  c  is  c-ioctrcn  charge,  V  is 
volts,  n  is  Planck's  constant,  and  ^  is  frequency  of  the  radiation,  shows 
us  that  radiation  of  wavelength  12396  ft  will  have  an  energy  of  1  eV. 

From  this  we  see  that  radiation  of  wavelength  fOOO  ft  corresponds  to  2.5  eV. 
Shorter  wavelengths  would  supply  re  gho *■  energy  and  so  actually  semiconduc¬ 
tors  and  insulators  both  may  exhibit  p.-  ctr. concuctJ  vi  ty,  but  since  the 


occurrence  of  pnotoconducti vity  jii  Insulators  such  as  the  alkali  haliues 
is  generally  treated  differently  than  in  semiconductors,  we  will  concern 
O’.i rin  !  V! mainly  wflh  o'  mi  conductors . 

As  was  stated  previously,  much  of  the  earlier  work  on  photocon¬ 
ductivity  war.  ciom  rn  Insulator:;  by  titnulcn  and  Pool  (37).  They  distin- 
gui  shed  between  two  typos  of!  photo  con  duct,  inf  crystals;  those  characterized 
by  high  i  n .ux  of  refraction  (,!►  ?)  whoso  properties  were  dependent  on  the 
material  itself  ana  not  induced  by  defects,  and  those  v:no  photoconductivity 
arose  from  induced  defects,  the  pure  solid  showing  no  photoconductivity. 

The  first  typo  is  exemplified  by  uiaaonu,  while  colored  rock  salt  is  the 
classic  example  c-C  the  latter.  They  also  ujstiijgu.tahdu  between  p  _.n«xy 
and  secondary  currents  and  list  the  following  character!. '  Los, 


Primary 

Instantaneous  rise  time 
Small  temperature  dependence 
Unit  quantum  efficiency 

Occurs  in  porfc-et  crystals 

Proportional  to  light  intensity 

Current  proportional  to  field, 
saturates  at  nigh  voltages 


Secondary 
Slow  rise  time 

Large  temperature  dependence 

Quantum,  efficiency  greater  than 
unity 

Usually  occurs  in  impure  crystals 

Hysteresis  effects  often  occur 

No  simple  relation  to  applied 
voltages 


Since  the  primary  current  makes  up  the  actual  photo  effect,  it 
is  best  studied  in  "perfect"  single  crystals.  The  secondary  current,  be¬ 
cause  of  its  greater  quantum  efficiency,  is  generally  considered  to  be  due 
no  a  lowering  or  barriers  in  the  material,  and  so  it  is  best  examined  in 
polycrystalline  films. 


not 


The-  i-orlj  v:o rx  c:  :  1 ,  n'l.n:. c  .  .  v.l  :  y  in  semioonducic  *'s  -  i  sd 

tski  the  da  fieri  n<- c  between  prm.vy  .uni  scren.'iary  photoearrcnfs  Into 
account  and  sir  re  iv.’  .  ai  r sta  ■  ■  of  ani..  iUm,  ;.i;*ly  wore-  used  the 
resuits  -ov  i r  i  U  r.  ; oi  !<:  -  luba' ami  For  !  die:  f  itid  ‘.  hat  long  rise 
times  tor  loo  sccmbnry  currents  wir  e  present  > buS.  They  it! re  snowoo 
the  shape  of  tin-  spectra’,  response  cu^ve-  fer  jigS  was  a) Lured  depending 
on  whether  j>>  ircary  or  ‘  on  y  rum  .'its  v:  present.  Secondary  cut- 


rent  effects  can  be  <  i ;o .  1  ,.u  by  use  of  pul  red  or  chopped  light,  ami 
increasing  the-  purity  of  tr.e  crysti  :  • 

As  the  significance  of  defect  structure  has  become  more  apparent, 
present  work  has  bec.r;  directed  mere  toward  del t .nir.i ng  ihe  location  and 
nature  of  the  discrete  energy  levels  located  in  the  forbidden  gap,  which 
arises  from  such,  defects  as  impurity  ions,  lattice  vacancies,  and  disloca¬ 
tions.  Since  the  “purest"  of  crystals,  as  prepared,  will  contain  an  ill- 
defined  assortment  of  defects,  levels  are  often  purposely  introduced  by 
adding  impurity  ions  or  creating  lattice  vacancies  to  give  a  predominance 
of  one  type  for  investigation.  Structural  defects  may  occur  in  a  variety 
of  forms,  such  as  cracks,  and  edge  and  spiral  dislocations  and  so  art 
much  more  difficult,  if  not  impossible,  to  purposely  introduce  into  the 
crystal  in  precisely  defined  amounts  and  types.  Since  the  energy  asso¬ 
ciated  with  these  defects  may  give  rise  to  energy  levels  in  the  forbidden 
gap,  it  is  important  to  have  as  fc-w  of  them  as  possible  in  the  crystal 
so  that  their  effects  are  not  confused  with  effects  due  to  purposely 
added  defects. 


iiifcitjfc;  -itjvuls  j_ii  l>;ie  ic'biduuii  r-h-gx-j;:  wxil  have  lower  activation 
energies  than  the  intrinsic  activation  energy  anu  so  give  2-ise  tc  photo¬ 
conductivity  effects  an  the  infra-re, ,  Twe  spectra',  response  of  a  photo¬ 
conductor  then  will  depend  cn  the  intrinsic  gap  width  and  the  location  of 


the  energy  levels  in  the  forbidden  gap.  The  actual  magnitude  of  the  photo  - 
current,  however,  will  depend  on  the  lifetimes  of  the  current,  carrier1? 
liberated. 


if  a  phu  i.  ucouuu c to :  1.5  subjected  to  optical.  radiation  et  ..."  1 1  ‘If i 
equal  to  the  intrinsic  energy  gap,  free  electrons  will  be  raised  to  the 
conduction  band  and  free  noies  will  be  created  In  the  valence  band,  The 
lifetimes  of  those  carriers  will  he  determined  by  the  recombination 
process  occurring  in  the  soliu.  Since  each  excitation  cycle  ends  in 
recombination  of  an  electron  and  hole  at  a  discrete  energy  level  in  the 
forbidden  zone,  the  concentration  and  capture  cross  section  of  these 
I'?7els  for  electrons  and  holes  will  control  the  recombination  process  and 
hence  the.  photoconductivity. 

The  most  detailed  semi  quantitative  account  of  recombination 
processes  is  that  due  to  Hose  (33),  wliich  more  recently  has  been  put  on 
a  quantitative  basis  by  Bube  (39)  in  accounting  for  the  photoconductive 
properties  of  ChS  type  photocor.ductors  (CdS  and  CdSe).  A  review  of  this 
treatment  is  presented  here  with  a  view  to  accounting  for  the  photoconduc¬ 
tivity  of  CdTe  on  a  similar  basis- 

The  three  main  observations  for  which  suitable  recombination 


pictures  are  not  available  are  (l)  "supralinearity" ,  that  is  photocurrent 
which  increases  with  a  power  of  light  intensity  greater  than  unity,  (2) 
increase  in  pjiutocurrwiit  with  the  addition  of  recombination  centers,  and 
(3)  "infra-red  quenching",  decreasing  the  photocurrent  due  to  short  wave¬ 
length  radiation  by  the  addition  of  long  wavelength  radiation. 

While  many  simple  models  are  often  available  to  describe  some 
aemiconductivity  observations,  it  is  difficult  to  propose  even  one  for 
the  phenomenon  of  "supralinearity".  The  second  observation  seems  in¬ 
tuitively  unlikely  and  the  third  has  been  reported  both  in  semiconductors 
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suid  Insulators,  usually  applied  t.o  luminesc,  nor  tut  also  to  photoconduetors, 
and  even  electmluiiJneaconcc  ( ;,0)  As  will  be  shown  labor,  two  different 


typos  of  recombination  centers  with  different  capture  cross  sections  for 
electrons  ami  holes  arc  accessary  m  any  staple  nod..1  i  which  ■•an  account, 
for  all  these  effects. 

It  is  generally  accepted  i.hul  transitions  dc-  n  , f  take  place 
directly  between  the  discrete  onerpy  leve  l.-;  in  the  for),  i ddi  t;  zone  at  low 
densities  of  states,  although  such  t • ansiti ms  may  well  occur  if  the 
density  of  states  exceeds  about.  10 :  1  /v.iu  These  states  an  further 

pictured  as  i.av.i ng  a  capacity  of  either  one  electron  or  heir  and  arc  con¬ 
sidered  to  be  tbs  sites  of  carrier  capture,  which  for  the  saxe  of  simplicity 
and  lack  of  evidence  to  the  contrary  is  considered  as  a  one  step  process. 

At  equilibrium,  under  radiation  of  energy  equal  to  the  intrinsic  energy 
gap,  electrons  and  holes  will  be  combining  at  these  levels  at  the  same 
rate  they  are  being  generated. 

Consider  now  the  energy  level  model  given  in  figure  13  showing 
the  possible  array  of  possible  states  and  their  st-.istical  division.  The 
Fermi  level  is  defined  as  the  energy  at  which  the  probability  of  a  state 
being  filled  is  one  half,  and  for  intrinsic  semiconductivity  this  level 
will  be  exactly  in  the  middle  of  the  forbidden  gap  if  the  effective  masses 
of  electrons  and  holes  »~e  equal.  The  steady  state  Fermi  level  for  elec¬ 
trons  (holes)  is  a  mathematical  concept  introduced  to  describe  the  con¬ 
centration  of  free  electrons  (holes)  and  is  located  at  that  energy  where 
half  the  donor  (acceptor)  levels  are  occupied. 


- -  S.s.F.t. 

-*  —  (electrons) 

♦  — 

_  ..*■ _  S.S.F.L, 

(ftuxes) 


Thi.rsc  }it?slisi  tu.rttv-:.*  *.  •->  edges  of  tne  valence  and  conduction 
bands  are  designated  an  sha.l .•  ow  trappjng  states  because  they  arc  essen¬ 
tiality  in  T 'norma;  equilibrium  with  the  valence  and  conduction  ban as;  those 
nearest,  the  center  arc-  /'round  state?  whore  recombination  lake  a  place.  It 
should  be  mentioned  he iv  that  the  concept  of  trapy  is  statistical  in  nature 
and  roen/Jy  indicates  a  higher  probob  i Jity  for  elections  to  be  thermally 
excited  out  the  top  of  the  trap  than  to  fall  through  the  bottom  by  recom¬ 
bination  wj  m  a  hole.  Electrons  and  holes  falling  into  ground  states  are 
considered  to  have  completed  their  excitation  cycle.  While  it  appears 
intuitive  that  shallow  trap?  should  exist  the  question  of  where  to  draw 
the  line  between  them  and  recombination  centers  may  arise.  If  there  is  a 
reasonably  uniform  distribution  of  discrete  states  in  the  forbidden  zone, 
the  demarcation  line  is  drawn  at  that  energy'  at  which  an  electron  is  equally 
likely  to  be  cap  turn;  or  thermal ly  excited  into  the  conduction  band,  like¬ 
wise  for  holes  To  a  first  approximation  these  lines  correspond  to  the 
steady  state  Fermi,  levels.  Slates  between  these  steady  state  Fermi  levels 
will  then  be  ground  states  and  control  recombination  processes.  States 
outside  these  levels  will  have  a  vanishingly  small  effect  or  recombination. 

If  the  solid  is  subjected  to  an  excitation  process  which  causes 
an  increase  in  the  number  of  free  current*  carriers  (both  holes  and  electrons) 
the  steady  state  Fermi  levels  will  move  outward  toward  the  band  edge  and 


the  Fermi  levels  will  approach  each  other  and  these  ground  states  will  re¬ 


vert  to  shallow  traps  and  be  thermally  emptied. 

The  capture  cross  section  of  a  center  will  generally  have  a 

value  of  from  down  to  smaller  values  with  10"  ^  cm^  reported 

1  r  o 

10“ ■L"  cm^  being  a  common  value  which  corresponds  to  the  approximate  size 


of  a  lattice  site.  Different  capture  cross  section  for  electrons  and  holes 


art-  i  i-kirly  to  bf-  displ  :r»:  v J  by  -iny  «Ar:  iru'.-*r  level-  A  positively  charged 
center,  for  eyamplo,  w»";]  have  a  ore  a  lor  c  •'oss  section  for  capturirif  an 

electron  than  a  hole  <f!  i  £;\raLar!iy  a  Negatively  charged  m te  will  lx.  wore 

„  i  o 

.LiKtJ.y  to  capture  ::  err  as  sections  for  cl ect revis  ?f  JO  cm*' 

have  been  t'ouna  .in  CoS  (:.r)  whi.lo  liu  if  tarc  ere 33  sect. lor  o i  seme 

states  for  holes  is  ef  tlte  order  *  f  -  cm4. 

The  f  .1  vis »  act -jo  1  t  *.  considered  is  that  of  aii  insulator 

or  semiconductor  with  one  claos  of  oi'icretu  energy  levels,  in  which  then 
arc  several  possibilities,  including  these  where  (l)  carrier  concentrations 
are  small  compared  with  ground  state-  concentrations,  (2)  carrier  concentra¬ 
tions  are  iarge  compared  with  ground  state  concentrations,  and  carrier 
concentrations  arc  intermixed  with  ground  state  concentrations .  Foliowing 
these  are  those  casts  which  uncludcd  the  audition  of  shallow  traps  and  a 
continuum  of  discrete  em»rgy  levels. 

(1)  The  usual  case  for  a  photoconductor  is  that  In  which  the 
concentration  of  free  carriers,  n  and  p,  is  small  compared  to  their  con¬ 
centration  in  ground  states,  a  condition  arising  from  low  excitation 
intensity.  This  case  is  shown  in  figure  lija  where  a  solid  with  a  set  of 
ground  states  located  near  the  Fermi  level  is  undergoing  an  excitation 
process.  At  equilibrium,  electrons  must  be  entering  arid  leaving  the  con¬ 
duction  band  at  identical  rates,  and  holes  must  be  entering  and  leaving 
the  valence  band  at  the  same  rate.  Since  recombination  occurs  at  the  ground 
states,  electrons  and  holes  must  be  entering  these  levels  at  equal  rates. 

The  rate  of  excitation  f  ( cn~ ^  sc-c  1 )  is  given  by; 

f  "  v  sn  n  pg  »  v  sp  p  rig  (1) 

where  v  is  thermal  velocity,  sn  and  Sp  are  the  capture  cross  sections  for 
electrons  and  holes,  respectively. 


Since  n.p  Pg,  the  concentration  of  electrons  and  holes 

in  ground  states  after  excitation  will  be  approximately  equal  to  their  con¬ 
centrations  before  excitation.  Then  ng  and  Pj.  in  equation  (b)  represent 
the  eonc'nti'ntaon  nf  electrons  and  holes  in  ('round  states  before  excitation, 
hence: 

n  ’  un  p{,  and  p  -  f/v  5.p  n(,  (5) 

n  and  p  then  being  determined  independently  by  capture  cross  section  ana 
ground  state  concentration.  The  lifetimes  can  now  be  piver;  by: 

^  e  "  Vv  sn  pg  and  <  -  l/v  sp  (6) 

Free  earnin''  concentrations  then  will  increase  iinearily  with  excitation 
intensity.  Although  the  concentration  of  electrons  and  holes  iri  the  ground 
states  is  the  same  after  excitation  as  before,  their  distribution  need  not 
be  the  sane.  On  the  average,  any  given  state  will  be  occupied  ng/ng  +  Pg 
of  the  time  by  an  electron  and  pg/iig  ♦  of  the  time  by  a  hole. 

The  re-establishment  of  the  original  distribution  may  give  rise 
to  the  long  time  decay  tail  irs  photoconductivity  often  observed.  This 
process  may  also  occasion  the  conductivity  and  luminescence  "glc-eurves" 
if  the  illumination  is  carried  out  at  low  enough  temperatures  to  keep 
this  re-ordering  from  taking  place  till  the  solid  is  warmed  up. 

Moss  (1:3)  gives  the  concentration  of  free  photo -electrons  for 
low  light  intensities  as: 

n  =  e/m 

where  M  is  the  concentration  of  recombination  centers  and  B  is  a  "recombina¬ 
tion  coefficient",  with  units  of  cm*3/Sec.  Since  n  can  always  be  small 
compared  to  M,  and  B  is  fixed,  the  photocurrent  should  always  vary  linearly 
with  intensity  at  low  intensities.  The  electron  lifetime  then  is  given  by 

^  -  l/'BM 
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Since  b  has  the  units  of  cm'*  '/see ,  it  cm  W  a*  *e.  on  comparison  t  o  equation 
(6)  to  be  equal  to  v  s„.  If  we  take  sn  to  be  about.  10-^’  cm'  and  v  10  ^ 
cm/sec,  with  a  concent  ration  of  recombination  centers,  K  .! 0 ■ (l  cm"-*,  we 
get  a  lifetime  of  "X  «=  10“ '  see.  Considering  iiie  wiutsi  likely  limits  for 
sn  to  10-'*'  erf )  ami  K  (10JJ  to  Jo'1  cm  •*)  wi  would  expect  lifetimes 

of  from  10^  +,0  lo--^  see. 

On  the  other  hand,  it  is  generally  considered  that  minority 
carriers  in  insulating  crystals  an  immobile,  or  needy  so,  tmd  have 
extremely  short  lifetimes.  This  view  is  supported  by  lack  of  transistor 
action  in  highly  insulating  crystals  and  general  lack  of  p-type  semicomiuc- 
tivi.ty  in  such  crystals  (lit). 

While  it  is  porsibif.  to  measure  majority  carrier  (electron) 
lifetimes  by  means  of  measuring  photocurrent  decay,  it  is  necessary  to 
use  the  photoelectromagnetic  effect  to  measure  hole  lifetime.  Following 
the  work  of  Koss  (lili),  it  has  been  shown  by  Sommers  and  berry  (1)5)  that 

7 

holes  lifetimes,  as  measured  by  the  Pill  effect,  rf  at  least  7  x  10  sec 
can  be  found  in  3d3  crystals  of  p  ■  10  ohm-cm  where  the  electron  lifetime 
is  only  2.6  x  lCT1^  sec  This  existence  of  larger  than  predicted  hole  life¬ 
times  had  previously  been  suggested  by  Smith  (1)6). 

(2)  In  the  case  whore  n,p  »  VP,  (  figure.  ltib),the  concentra¬ 
tion  of  free  electrons  and  holes  at  equilibrium  under  high  intensity 
excitation  will  be  approximately  equal ,  although  their  ground  state  con¬ 
centrations  after  illumination  do  not  have  to  remain  equal  to  unoir 
concentrations  prior  to  illumination.  Since  free  holes  and  electrons 
are  being  generated  at  equal  rates  their  lifetimes  will  be  equal. 

Therefore 

1/v  sn  pg  -  1/v  sp  nE 

-hi- 


and 


;'*’V  !’.i 


i’t: 


sp^'g/s!i 


4  P. 


Thi-ii'  common  jii.el.Lr..-  then  is 


ntJ, 


li'vre  than  tir  1  :-:ct.rO']  ny  tu  ir  concent  rati on  is  given  by: 


n  --  :  I  * 


idh. 


r 

3i:sp 

-n4sp 


which  as  in  ; i:c  previous  ease  is  linearly  proportional  to  excitation  intensity. 

( J )  When  free  carrier  concentrations  are  intermixed  with  ground 
state  concentrations ,  that  is,  when  either  n  {y  p  ^  p,  or 

Pfr  ^y  P  n  n,  we  have  the  case  arising  iron  median  ratiation 
intensity.  Taking  the  first  case,  from  previous  arguments  remains 
constant  ana  pp  will  remain  Si  n  under  i Humiliation  so 

r.  «  f/v  sn  :i  -  (f/v  sn)* 

The  electron  Lifetime  will  now  depend  on  their  concentration  and  so  the 
concentration  of  free  electrons  will  inc  rease  only  as  the  square  root  of 
the  radiation  intensity. 

Again  considering  the  cast?  of  only  electron  carriers,  Koss 
arrives  at  a  one-half  power  equation  at  higher  radiation  intensities 
when  the  concentration  of  free  electrons  becomes  much  larger  than  the 
concentration  of  i'cCOirit»ination  center s »  Siuitn  (4/}  iias  Stiowii  that  u. 
linear  relation  between  photocurrent  and  light  intensity  holds  for  CdS 
over  several  orders  of  magnitude,  but  decreases  to  a  one-half  power 
relation  at  higher  intensities. 


These  tb<«v  eases  are  graphical  ;y  sUM.arj.scd  in  fie  re  l!tc.  Tin- 
particular  shape  cf  these  curves  naturally  depends  on  the  values  of  sn  ,  s . 
>]„,  anc  ]:.. .  The  above  figure  corresponds  roughly  to  tiro  situation  sn  <csp> 
and  n,.  »  ; 

Figure  Hu  represents  tne  banu  picture  vit.li  the  audition  of 
shallow  traps.  The  addition  of  these  traps  will  serve  mainly  to  increase 
the  rise  (and  decay)  time  of  the  photocurrent  since  more  free  current  car¬ 
riers  must  be  prcriucee  The  rise  (decay)  tine  tlier:  will  be  increased  by 
the  ratio  of  trapped  to  free  carriers.  At  high  radiation  intensities,  of 
course,  these  shallow  traps  nay  become  ground  states,  in  which  case  the 
discussion  is  the  sane  as  (2). 

In  order  to  explain  the  fractional  power  increase  of  photocurrent 
with  intensity  and  the  rapt;;  increase  in  response  speed  with  light  inten¬ 
sity,  the  model  shown  in  figure  111 e  i3proposeci.  The  increase  cf  photo¬ 
current  as  a  fractional  power  of  intensity  i3  explained  on  the  basis  of 
a  decrease  in  the  lifetime  of  the  free  carriers  as  rauiation  intensity 
increases.  This  occurs  as  a  result  of  an  increase  in  the  number  of  states, 
which  will  have  a  high  probability  of  acting  as  recombination  centers, 
brought  about  by  the  separation  of  the  steady  state  Fermi  levels. 

Response  time  is  given  by  ^(ng/n)  where  (n^/n)  is  the  ratio 
of  trapped  to  free  carriers,  n  will  increase  almost  proportionally  with 
light  intensity  and  since  n+  will  remain  almost  constant  and  ^  decrease 
but  slowly,  the  response  time  can  decrease  at  almost  the  same  rate  as  n 
increases. 

Tiii s  complex  model,  although  satisfactory  for  the  preceeding 
considerations,  will  still  not  adequately  explain  supra linear; t.v ;  infra¬ 
red  quenching,  and  activation.  For  these,  the  addition  of  another  class 
of  levels  is  required  (figure  liif). 
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With  the  addition  of  these,  the  phenomena  of  activation  can  be 
accounted  for  on  the  basis  of  one  of  the  classes  of  states  having  a  dif¬ 
ferent  capture  cross  section  for  electrons  than  for  holes.  If  for  one 
class  of  states  (J),  the  capture  cross  Cl •>:  1. ec:  for  electrons  arid  holes 
ore  the  stme  and  for  the  other*  class  (TI),  the  capture  cross  section  is 
much  less  for  el*  etmns  than  for  holes,  then  under  low  excitation  (free 
carrier*  concent  rata  on  small  compared  to  ground  state  concentration)  the 
state  with  Similar  capture  cross  sections  will  gradually  become  saturated 
with  electrons  since  the  other  class  of  states  has  11 ttie  terdency  to 
capture  electrons,  so  electron  .lifetimes  will  increase.  This  situation 
is  given  m  figure  Jig.  The*  "latent"  periods  observed  by  Frerichs  (US) 
in  CdS  are  proposed  to  be  aue  to  this  redistribution  of  electrons  from 
one  class  tc  the  other.  This  period  consists  of  a  time  interval  after 
initiating  illumination  on  a  crystal  which  had  beer,  in  the  dark  for  a 
long  period,  before  the  photocurrent  rises  rapidly  to  its  equilibrium 
value,  appearing  as  if  the-  radiation  is  activator  tir*  crystal. 

Infra-red  radiation  applied  simultaneously  with  short  wavelength 
radiation  tends  to  raise  electrons  up  to  the  empty  class  II  states  allowing 
holes  to  be  captured  in  the  class  I  states  which  are  full  of  electrons, 
thus  helping  to  reestaolish  the  original  distribution  and  thereby  decreasing 
or  quenching,  the  sensitivity. 

Tf*  t hi.  clsirS  TI  ststcis  25*$  sprs^ici  ovsr  2  voider  ij«  v«iC 

forbidden  zone  than  the  crass  I  states  (figure  llih),  as  the  intensity  of 
radiation  is  increased,  more  of  them  will  function  as  ground  states  (the 
steady  state  Fermi  levels  will  be  moving  apart).  The  class  I  states  will 
become  more  and  more  filled,  thus  steadily  increasing  the  lifetime  of  the 
free  electrons.  This  results  in  increasingly  sensitive  photoconductivity 
and  so  supralinearity  occurs. 


g 


US 


At  sufficiently  !tn;h  radiation  intensities,  however ,  the  concen¬ 
trations  of.  free  electrons  and  hoi  os  will  greatly  excoori  the  concent  ration 
of  ("round  states,  and  become  equal  to  each  other.  Kf frets  due  to  t.hi 
ground  states  then  becora::  negligible  mb  the  photoccnductor  is  no  longer 
sensitized  by  their  presence. 

Rose  also  gives  an  account  of  recombination  in  suit i  conductors 
which  apparently  applies  only  to  extrinsic  serai  conductors,  in  which  there 
is  a  greater  concentration  of  one  type  t hemal ly  produced  carrier  than  the 
other.  An  analysis  oi  the  free  carrier  lifetimes  at  low  ano  hi ph  excita¬ 
tions  in  this  solid  leads  to  the  conclusion  that  with  only  one  typo  of 
ground  state  a  supralineay  photocurrent  vs  intensity  plot  car,  he  obtained. 

If  more  than  one  class  of  ground  state  is  present,  high  intensity 
radiation  will  give  shorter  iifctiir.es  because  of  the  increase  in  the  number 
of  recombination  centers.  Low  intensity  radiation  can  result  in  a  variety 
of  effects.  The  lifetimes  of  both  carriers  may  be  shortened  or  lengthened 
depending  on  the  various  concentrations  and  distributions  of  free  carriers 
and  ground  states. 

Rose  summarizes  by  listing  four  parameters  and  their  possible 
values  by  means  of  which  various  recombination  processes  may  be  described, 


these  being: 

material: 
excitation  range; 
grounu  states: 
lifetime: 


insulator,  semiconductor 
low,  intermediate ,  high 
one  class,  more  than  one  class 
electron,  hole,  free  pair 


Bube  (39)  has  applied  these  theoretical  considerations  to  CdS 
and  CdSe  and  arrived  at  the  band  picture  for  these  photoconductors,  on  a 
more  mathematical  basis.  A  model  containing  two  classes  of  recombination 
centers  filled  in  the  dark  and  a  set  cf  trapping  levels  normally  empty  in 
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the  (la TK  i s  iii:c(  ;;:j  'iry  i  ..  i,  r.i;  i  m  i  in<  .an  l;.* ,  tomperaturi:  ii<  pencienee, 

. n f’r-i - rod  qiinndji.'jr,  -v  -i  -.core.  of'  response. 

Tin.  i  i-v:  .  . i i  'i '  i-'i  wit.n  sui  i  ■  -.nonrity  occur  at  u  (>h  oV  and 
. v ■  o V  - 1 1 ■(.. v <  tii>  j  ■  ‘  ii'..'  ii.ijitj  iti  '.'imi  an. :  Cob ,  r*. '.pect'.  ve !  y ,  w ;  tr;  a  ratio 
f-ir  the  rsptu:.-  ero-.t.  suction  of  i.t  m  s  to  that  for  electrons  of  d  x  10- 
for  CuSe  Since  aoj-raliaiaril.y  ■  m  "jure.1’  crystals  of  tnor.c  com¬ 

pounds,  it  u;.p'.'uM  a,  jf  f  .(Vi  I  r,  an  associate."!  w:  to  a  lattice  effect, 
probably  cati.-r.  ■- 'cane  ic-v 

In  inv.sti  luminescence  effects  in  Sliver-acti vat t«  CefS, 

Lamlx:  and  hlirk  (ir.1)  a  iso  arrive  at  a  nodal  containing  two  differ’  nt 
level  S  in  the  forbid’!'  i.  ,-up,  which  thy  designate  que  idling  enter.,  .-via 
activator,  or  iuneine.scen-.re,  i«v.  is.  Both  of  the  centers  act  as  rocunbina- 
renters  >. -> i if  si.';;  ■..  i'.nition  of  the  term  although  '.-hey  refer  to 
tiler,  as  traps.  Tie  ■  -tivato:  levels  (duo  it  «g  ions)  lie  about  0 . U  eV 
below  the  '•or>.«.-:tim,  nun.i  ,e.i;  nave  a  capture  cross  section  for  holts! 

this  capture  giving  rise  to  luminescence.  Once  a  center  nas  captured  a 
hole  it  canno.  coi.li  .tut--  further  to  luminescence  until  it  nas  captured 
an  electron  to  recombine  with  the  hole,  thus  returning  the  level  to  its 
original  state.  Vi.i..  step  nay  take  much  longer  than  hole  capture  and  so 
can  account  for  the  n.uci.  longer  decay  of  photoconauctivity  ana  the  rapid 
decay  of  luminescence ,  when  radiation  is  removed. 

The  quenching  confers  are  those  empty  levels  normally  found  in 
CuS  at  1.0  e?  above  the  valence  band  and  have  supposedly  near  equal  capture 
cross  sections.  Their  function  is  to  provide  free  holes  which  stimulate 
luminescence  and  consequently  quench  photoconductivity  when  illuminated 
with  1.0  eV  radiation  These  levels  correspond  to  those  found  by  Bube  (39 ) 
at  1.0  o V  above  the  valence  band  in  CcS  and  0.6n  eV  above  the  valence  band 
in  CdSe,  which  he  funis  to  have  much  larger  capture  cross  sections  for  holes 


than  t- lec tron.i •  n:  b  ;  oi  -p'or-,  r-s:s  rMicn  for  !/  ,!*  ,  t-  that  for 

pctons  for  {'US'.-  ,  ,  *»••,  •*>  =  v  A?  wU  1.  b*  jlw.  V-«*  ;  .  |  bo*  ov\n- 

OuctjV.lty  I  a i»u/’  ■  •  :  »  :  .vi '■  <.•:  per*-  C  :Tf*  can  r.<  c/:  i  <i ;  .1  cm  IV-  '.inin  of 


nan  an  a  i  ft  mat  in  <  1  rio  I':.  ;  cp'iji<i  1  !o  1  r;  ra.r.  ,i*.  , 

usi/i?,  on*.  If-*  1 » 1  j»:  !  1  .  :  r.  :/i  mown  *. Ji.il,  lunuu  „.i*i  nr.  ,n  ,  I  1  o: *| •  y 

impendent.  upon  met  .  :ta..- o.m  f  rv<  tmcV-'v;;  up, ,■*,,>  in  t  »;<  1  era-:  1  at  «c  aur- 

iac(  .  These-  obti.-r  val  »•  ;,s  a;  pea;-  to  in  :•  j:  slant  5  «n  yi&apri.-.'iv  at  with 
the  atxjvc  Larhe  r.i_ei;  -k  •  »<-1 . 

It  should  t  xto l n*.  ro  '.iu  >  run/  two  center  types  of  rocorri- 

bi nation  procesFGS  ar*  jo/sion  a.i  <•  JaiU/C  *l;1)  nas  shot-m  a  •  incur 

rise,  of  i"i)jo*c vu  re*  tr.  "\r  1  :*•  o*,.  :.:  •  v;i4i,  racial  b  n  inv.  r.s  i  ty  can  be 

explained  Ly  at  -east  ,  o  .nf  f  •**''.  :.i,  ■•/  :\odils.  Any  rod(  i  whirr.  :  s 

iliuruuuted  with  rad  lateen  1  •  *?»•■.?■*/  ■  mk-  f  jneurentai  •.-» .  •  -  r »  y  pap 

can  show  a  ri.se  in  oc  irrrnt  r  lur.  ;i,mconci  user*:*: .< ■  with  a 

1/2 »  2/  ‘‘ ,  J,  ?■.'? ,  .  r  pwi.  f  •*as  i  at-i/Jii  .V’4  nsit/ 

While  CYb  has  hr  p  •  /  ‘ «  nsi  \ i;.v«  <;t.  ij-avr:  f  r  sor.t*  l in.*.  (/:?, 

L»j)  3t  has  ;•:,!/  jx.  the  i'-st  jVv  years  that  -f'.dr  00  parti  ou iarly 

CdTe  have  roceiv.  :  appro** 1 at>  t  •  :  V  ritior. ,  eh,  a  in  pa to  the  isek  of 
precisely  .lefir.e.a  orys*  ,.  .s  e-f  ' :  •  :n.  Kt-nts.  rre  rirn«  (Jh)  in  walking 
on  phosphors  grew  oirifl  e  f*ry5'  •:■  .*.=  *-f  OnTc  aic-np  wit  i.  CoS  cane:  CtiSt.  am; 
found  ther.  to  show  phot  a  can  w;:  0  •.  1  v ;  \.y  although  they  wire  not  p  -  >x*  spho  re  scent . 
They  were  sensitive  to  all  ran:  at  Lon  fror-  infra-red  to  ultra-* violet3 
x-rays,  garjr.a  rays,  aim  alpha  arm  beta  particles.  Two  types  cf  photo¬ 
conductivity  were  row  rid  to  occur;  noma]  pnotocurrent  in  the  region  of 
strong  absorption  from  r-lue  tc  1 1» tra-ri o let  arm  selective  photoconductivity 
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j  II  the  rt'l’l  i)ll  t/f  W*.  - 1  Sn  !  1 '  *1 .  ^ 

Ta1.  *»  i  ro* Ki'i ?  :•  i :f  pr \ r  t  t.  •  r 
(K?)  who  found  r.j'ti  If*.  '1.3  :.;:t‘v*-.. '  f- 


,:;p  u  .  •  i\.y  am;  particle  rndir.  I  j  on . 
'  "if  C  iV»  Vi  •■viV' :  r  ;  >-at  i.  1 » j?  Aiij-r'1 

!•  '•  (  'h*  ranp'o 

>  5 :  .  •  .*•:')•  :  !?:•  a4  i  ^hc'K  and 

!.  i  ,-f  a  n  va  U\.  r,  ; 


tin?  laa.'  t , 

I  j  "<.u . '  •  i .  i .  j  a  i  \  *  f  *  v  •  .-.i .  «  fronts  \  )  « •  *  CV.ck  O-'.S..,  j;:'1  |,*:‘!,<>  i  • 

ft-rr  i  vat  ion  cru  rc.t  j  ftr  (\:3 ,  i .  /J:  • biS-,  <u.  :  .  V 

for  dele.  The  ::j. i i  :ri -m  *  in  i  h';  ausorpriori  wav:  j  •  rj"  r ?»u»;  •  -i •  i  » *.  r  r*  ■ 
reported  by  tiofrijeh  and  hor.p*  (i  ;)  to  l*  iu*  ♦>.  the  ui  M  i  i.<  <  s  in  lat¬ 
tice  ••  i  n  si  Olio 

ik«  Shift  vi'  thf.t*:  act-i  vaJ  ion  f.ur-n •  *'th  t  ■  rr[«- rai  urr  wap 
noasim  b  by  det<  mi3iir;|’  J  no  shift  u.  w>v<  :  rptj.  }■  ivinr  i'r.  v.iasl  pnetocur- 
r»  r»t  (l  .)•  Tl:f  photo m  nr;i  t i  v » t.y  raruHn  of  C*ili  a;.o  CoS*  yi  wt  *i  p tree f ere 
indicating  the  possibi li  t.y  of  doub .  e  coudue tion  <.-?  vai  ;  >.*.■  L-andh. .  No 
such  structure  was  evident-  with  CdTe.  but  radiation  wav* .  if*np th  extended 
to  only  slight  ay  past  one  nicron.  Th*  shift  in  th*.  u<  ti  vat  inn  *.-ne  :>/y 
and  wavelength  r.a.x  j;-iun  wore  found  to  be: 

(>  ■-  I,1!*  -  O.OhOlbT  oV 
X  =  .j.4o  *  2. CvT  g 

Va* ■  Doom  anu  do  1,’obel  (:•  ’)  irradiated  surifk-  crystals  of  CdTe 
and  biased  CdTe  p-n  ..^cvimm  1:.  the  f  >ri;arb  direction.  Loth  of  which  led 
Co  1  ur.iii  esc  on  c  c  with  a  wav-Jcnrth  «*nax  irvam  at  HefO  A.  Tiiey  f<<und  the  shift 
in  activation  enej‘(.\  to  vary  w.;tn  tenperatui'e,  having  a  value  of 
2.31.  x  3 O'1*  eV/°K  at  /A  and  S.U-  .<  I  .  ,!  eV/pK  it  (Jy-°K .  Tiiey  aiso 
found  levels  in  the  forbidden  i;.j.uu  *d.  O.?  .  V  efJl;  . , . LV  frer.  the  valence 


band  due  to  /»,  or  P;  .  .  ..  ■:  ,•  v«  ' 0.«  V  I’l'oir-  the 

0  oil  out' *  5-n.  i  - "  l i  ’  r.u»'  j;t  sir  iV  v  .lid  i  ■ 

. ?  Appnr,i*'.s  '*•«»*>*; ;  «  • . 1  : 

a.  5:*r.j  :t  It-  S.f  ;  i-*r.  v-.cr-  j*-v|m:  *. ■»;  f-'r  r*r  Hit 

by  cutting  suitac-.iy  r jpe:* {Yjp,  the  sjiii'.e  crystal  as  taken  It -or. 
*he  furnace.  T:  .*  «»p-  <*..••:.  was  or.«  t.  j  t.  *<v  .m  vui  reran  i  v* 

unit  or  a  ;.\i  t  n- .  ■  .  '  i.  •  i  .  »  eisw  ri.  i  i  i,  .d  i'  ,b-v  f<> !  lewis: 

consist:-  ..  f  a  V  *n  ‘a;,*  :  i  or. !  r.  a  pur:  ••-*?rn  •  :  by  u  nigh 

pressor*  o:y  nii  m  r*  n  pur-  cl,  fcj.us  giving  h  c<o.)  ;\i*  t-ir  <»  •  mthui,  not. 

like'y  tc  in*  :\iu.»ci  *';>.'!«•  :■  t'-ct..-,  i'ror.  local. ?•>  i  heating,  a ; *  hough  some 
mechanical  jy  indued  uefrctt,  art-  no  ooubt  pour  bit.  Per  tbok^'r  samp.]  os* 

however,  the  nitrogen  got  o is;  ernes  so  pr  tally  it.  is  difficult  to  cut 

accurate  get>r*  trie  shapes  uno  sr*  tr.e  ■•arbor *rn:*i  rink  in  used  Although 
it  is  watei  coo  •.  ;i,  \  o-  r-  y  ucc-'jrs  at  M;e  1>J  ado  edge. 

Removal  of  the  cm  s t:-  a  ccpti.  or  eue-hui :  : . ,  ina.-u  r  hy  Mg*  Hj>ir- 
brasive*1  is  ccris>;«  ren  'ler-q-.at*  he  re move  any  tfiYc+s  duo  to  this  heating . 
Sarr.pl cs  wore,  aiways  cj-  to  a  finishes  size  of  either  ?  y  <,  x  8  rrun*^  or 
2  x  3  x  6  nr/. 

The  uhooret  v.ai  aspect.;;  of  forming  no  ire- freer ,  ohmic  contacts 
to  semiconductors  baS'-h  main.y  on  war.-:  functions  has  been  treated  hy 
Smith  (56 ) ,  Kroger  (57)  c-t  al.  Tndiun  and  pali  iun  were  reported  (5b) 
to  perform  best  on  CoS  (n-i.ypt).  bube  and  ^eruiy  (  3S)  used  electroplated 
nickfil  ax.d  copper  or.  both  n-  arm  p-tyi>o  CciTe  to  which  the  Icacs  were 
soldered.  The  use  of  In  on  i.-type  and  Au  on  p-type  CaTe  is  reported  by 
Kroger  and  de  lioboi  ( 3S ) •  This  vras  the  scheme  adapted  for  this  investi¬ 
gation  with  the  exception  coat  In  was  used  on  pure  Cuba  for  reasons  which 
will  be  explaincG  later. 


Typical  n-type  crystals  (In  ■  -nj -i i :  i  ty )  w iff  in  <  ..ritact have 
’•<  sis  Uuri'S  :i.  ‘  ■  .*'  :  .u •<  i’bilO  .dims  whereas  gold  cmii  ui'ts  pi’/':  l Ik  sane 
up<  a  i  mi  ns  apf  irc.til.  resistance;!  of  K  oh:.:  a .  Typical  p-type  samples 

( A ; •  impurity)  with  pole:  contacts  have  » es: stances  of  H^'-IO-’  olrnc  while 
!h'  c are  sporjir.inr.  with  in  elect-redes  show  apparent,  resistances  of  1  - 
l -l  :■  !(/'  uiu-.ti.  A  part  eryuf.il  of  Cult  ,  wh.irl:  would  be  p-type  due  to 
ru.jiiur,  vacant  ics,  gave  an  apparent  resistance  of  9  x  iUf  ohms  with  In 
ctn'acls  ana  after  t  lev  wore  r*  no  vet:  with  the  "ai rbrasi  ve"  ana  Alt 
applied  the  apparent  resistance  ulopped  to  8  x  1(-  ohir.s. 

The  indium  electrodes  are  applied  by  vactiuiti  plating.  Since 
no, ten  tntUun  will  not  "wet"  a  tungsten  heating  element  it  is  evaporated 
fror.  a  conical  silica  boat  supported  .in  a  helix  shapen  tungsten  wire 
heater.  The  crystals  art-  suspended  by  Tint:  platinum  wires  ;  to  It  inches 
above  the  boat,  the  entire  assembly  being  enclosed  in  a  bt:l.l  jar  Kept  at 
a  pressure  of  10"^  trtin  Hg  by  continual  pumping  by  a  mercury  diffusion  pur.p. 

Since  electrodes  are  desired  only  on  opposite  ends  of  the 
samples  the  refraining  sices  are  carefully  cic-anad  off  with  the  "air- 
brasivc"  unit. 

Gold  contacts  are  applied  by  touching  a  drop  of  AuClv  solution 
onto  the  desired  spot.  The  solution  is  allowed  to  remain  there  a  few 
seconds  and  then  blotted  off. 

b.  Thermal  emf  Measurements :  To  determine  whether  the  samples 
are  n-  or-  p-type,  the  sign  of  the  thermal  emf  was  measured,  A  temperature 
differential  of  up  to  i’0°G  was  maintained  across  the  crystal  by  pressing 
it  between  hollow  copper  blocks  through  one  of  wnich  was  flowing  hot 
water  and  through  the  other  cold  water.  The  hot  end  tri.ll  be  nearer  the 
intrinsic  rant.;  than  the  cold  sc.  the  Fermi  level  will  fall  in  a  n-type 
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divider  network  feeuxnp  into  the  X  axis  of  the  recorder  via  eh  is  calibrated 
in  tents  of  wav* •  Serif th.  The  Y  axis  .is  fed  di  n.ctly  from  the  current,  meas¬ 
uring  elect runetcr  c.inuu  and  is  caiitratcu  in  terms  of  phof.ee ur rent,,. 

The  current  measuring  circuit  consists  of  a  Keithly  model  10v»b  electrometer 
measuring  the  voltage  drop  acrers  a  decade  resistance  unit  of  me  percent 
accuracy.  This  voltage  is  never  mure  w;an  10  millivolts  and  since  at  least 
one  volt  As  a.:.wuys  used  as  the  power  source,  the  voltage  of  the  powc*’  source 
will  be  the  voltage  across  the  crystal  to  an  accuracy  of  at  least  one  per¬ 
cent.  Although  only  one  volt  was  usually  urced  across  the  crystal  to 
avo:iu  effects  due  to  high  fields,  pure  bdTc  crystals  have  such  liigh  resis¬ 
tivities  at  low  temperatures  that  up  to  ICO  volts  were  used.  The  ratio 
of  current  under  illumination  to  dark  current  was  measured  from  one  to 
100  volts  under  standard  conditions  and  little  change  was  found. 

The  brass  sample  holder  shown  in  figure  16  is  attached  rigidly 
to  the  monochromator ,  and  connected  to  a  vacuum  and  gas  handling  system. 

An  atmosphere  of  high  purity  helium  is  maintained  in  the  holder  to  facil¬ 
itate  heat  transfer  after  it  has  been  evacuated  to  a  pressure  of  10“^  mm. 

The  sample  is  held  in  place  by  a  spring  loaded  plunger  which  also  presses 
platinum  foil  electrodes  against  it  ana  is  electrically  insulated  from 
the  sample  holder  by  0.3  mm  thick  mica  sheets.  The  foil  electrodes  are 
bent  over  the  ends  of  the  crystal  to  shield  the  contacts  from  the  radia¬ 
tion.  A  thermocouple  is  imbedded  in  the  holder  adjacent  to  the  sample 
for  temperature  measurement. 
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Sample  ilJuMusatio:;  is  accomplished  through  a  periclase  (KgO) 
window  fused  to  the  ground  glass  joint  connecting  Lin  holder  to  the 
vacuum  s.vstcm ,  Samples  any  he  changed  without  disturbing  the  position 
of  the  holder  so  tfai  radiation  conditions  will  be  identlrg.i.  for  nl  I 
samples. 

Since  it  is  vital  to  have  as  nearly  as  possible  identical 
ambient  conditions  with  respect  to  the  measuring  equipment  for  each 
stage  in  a  series  of  measurements,  a  dehumidified  sheet  aluminum  enclo¬ 
sure  was  useu  t.o  surround  the  entire  apparatus.  This  gave  much  "clearer” 
recordings  arid  more  uniform  measuring  conditions. 

With  this  arrangement,  photocurrents  in  the  range  of  10~'-  to 
5  x  10**  *  amps  over  the  wavelength  region  of  0.5  to  9.5  (2.5  eV  to 

u.lj  eV)  can  be  measured  and  automatical ly  recorded. 

d.  Impurity  Doped  Samples;  The  crystals  doped  with  Ag,  In  and 
Gu  were  examined  for  signs  of  photoconductivity  over  the  temperature 
range  from  room  temperature  down  to  -Iy6°G.  Only  one  Cu  impurity  speci¬ 
men  (p-type)  exhibited  some  photoconductivity  below  -125°C  in  the  region 
of  2^,  (figure  18).  The  absence  of  photoconductivity  in  the  other  impurity 
samples  is  almost  certainly  due  to  too  great  a  concentration  of  impurity. 
This  results  in  such  low  resistivities  that  any  effect  of  radiation  on 
the  sample  is  masked  by  the  large  concentration  of  free  current  carriers 
already  available.  Tiic  copper  sample  which  exhibits  photoconductivity, 
for  instance,  has  a  resistivity  at  -125°C  of  about  2  x  10®  ohm-cm,  whereas 
another  copper  sample  (with  no  observable  photoconductivity)  had  a  resis¬ 
tivity  at  -125°C  of  only-  8  x  lO5  ohm-cm.  Other  typical  resistivities  of 
samples  which  die  net  show  photoconductivity  are: 

Ag  doped;  p-type  (-100°C)  10^  ohm-cm 
In  doped:  n-type  (125°C)  10^  ohm-cm 


e.  Parc  CuTo  Sampiost  Indium  clsctroues  wore  vacuum  p’alcd  onto 
the  samples  cut  from  a  pure  C-ITe  crystal.  Their  variation  in  resistivity 
as  a.  function  of  t>. np-eraturr  was  measured  and  plotted  as  In  ^  vs  1/T 
(figure  19.1  and  b) .  Since  from  statistics,  tnc  resistivity  of  a  semicon¬ 
ductor  will  vary  as  e  '  ,  the  relationship  {  «  can  bo  used  to 

find  the  activation  energy  for  tin-  process  of  ", i si r.e  an  electron  out  of 
the  valence  band  into  toe  conduction  band  and  leaving  a  free  hole  behind. 
From  this  relationship  we  can  get  jn^  *  In  A  +  (E../2KT)  where-  Ej,/2k  wiil 
be  the  slope  or  the  int  from  which  K(,  can  ba  obtained.  Values  of  l.Jjii  oV 
were  obtained  as  the  intrinsic  energy  gap  for  both  cf  these  samples.  Since 
the  lower  temperature,  or  extrinsic  values,  of  these  two  samples  vary  30 
greatly  and  do  not  g;vt:  good  straight  lines  they  arc  probably  indicative 
of  leakage  resistances  encountered  in  measuring  extremely  small  currents 
at  very  low  temperatures. 

In  an  effort  to  determine  the  most  suitable  electrodes  for 
photoconductivity  measurements  the  photo-response  of  those  two  samples 
was  measured  at  room  temperature  (figure  20a  and  b).  The  indium  elec¬ 
trodes  were  then  removed  from  sample  no.  2  and  replaced  with  gold  contacts. 
The  thermal  activation  energy  and  photo-response  were  then  measured  and 
as  can  be  seen  from  figure  19b  the  activation  energy'  was  lowered  consider¬ 
ably  below  the  generally  accepted  value  obtained  with  other  electrode 

mdvC'a'TdiS  •  GTld  thC  T>hO  toecn GUC t ivi t V  y.T3£  COITTP  otcl  -if  rinot  rvvxrcir?  owon  a  + 

liquid  nitrogen  temperature.  Removal  of  the  Au  contacts  and  about  0.5  mm 
of  the  crystal  ends  followed  by  replating  with  In  only  very  slightly 
restored  the  photoconductivity .  T>ds  sample  was  not  used  further  for 
fundamental  measurements  as  its  exact  composition  wa $  now  Li  doubt,  and 
In  was  adopted  as  the  standard  electrode  for  pure  CdTe . 
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The  intrinsic  energy  gap  determined  fn>*  figure  20  gives  *  value 
cf  1.5  eV,  in  goon  agreement,  with  thermal  act  ivation  energy  iM'assrements. 

In  figure  20a,  and  W  aot.v  iaU-iiJ  in  2i'l  ,  a  re  cone  apparent  p>  ak  can  be 

observed  in  the  vieiojiy  cf  1  1  *y.  There  is  also  a  oiiference  in  the 

t 

pxKJ tocurreri't  utpenci.Lii^  on  the  ui -iun  <>i  racjiai-joji  wyvtri <:n(rt-h  piT>co.ss1onj 
i,e.  short  to  Jong  wave ierif  i ii  or  Jong  to  short.  With  these  considerations 
in  mind,  the  photocurrent  was  measured  using  constantly  changing  wavelength 
radiation,  in  both  directions,  at  a  number  of  different  temperatures.  In 
all  cases  the  sample  was  coolcu  in  the  dark,  before  being  illuminated.  It 
can  be  seen  in  figures  23  and  22  that  the  second  peak  is  clearly  resolved 
at  273°K  said  the  shape  and  relative  heights  of  the  curves  arc  greatly  depend¬ 
ent  on  temperature.  Figure  22  gives  all  the  curves  drawn  on  the  same  current 
axis  to  better  show  blx.tr  rotation  to  each  other  and  represent  phetoenj-rent 
when  the  radiation  wavr  jengtn  was  changing  from  short,  to  long. 

It  was  fur thor  observed  at  low  temperatures,  starting  at  273°M> 
that  rise  and  decay  times  started  increasing.  Because  of  this,  further 
current  measurements  were  mace  under  constant  wavelength  radiation  in  order 
to  assure  equilibrium.  It  was  first  necessary  to  determine  the  shift  in 
activation  energy  of  each  peak  with  temperature  as  shown  in  figure  23  to 
know  what  wavelength  radiation  to  use.  The  figures  foi  the  intrinsic 
peak  agree-  very  well  with  absorption  measurements  of  Bube  ( tf. )  and  dielec¬ 
tric  measurements  of  Bailey  (SB).  Measurements  of  the  second  peak  were 
les3  conclusive,  indicating  the  shift,  may  be  partly  real  and  partly  due.  to 
the  isiat.ive  riianpp  in  shape  and  height  cf  the  two  peaks. 

Figure  2):  shows  a  series  of  plots  of  maximum  photocurrent.  vs 
relative  intensity-  for  each  peak,  using  constant  wavelength  illumination, 
at  different  temperatures .  In  all  cases  the  procedure  for  taking  the  data 
consisted  of  (1)  cooling  the  crystal  in  the  aark  to  the  desirea  1  mperature, 
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(2)  obtaining  an  eoui librium  uark  current,  (.1)  measuring  equilibrium  current 
due  to  1  - oV  rauiat?  on  br-J.imi  2 . 6  density  filter,  (i;)  changing  to  .1  .  1  oV 
radiation  and  measu ri  11#:  ecjuil  il-riu#i  current,  (‘  )  left  hip  current  return  to 
dark  value  before  icprnting  steps  3  ami  i* ,  with  lesser  oer.ci  tics. 

ihv  iec  were  selected  by  the  proper  combination  of  0.0, 

0.3,  0.6,  u.9,  and  1.2  neutral  density  filters,  During  this  series  of 
measurements  i4  war  t  \  r  rved  that  at  2hO°K  the  poof  xrurrent.  due  to  ..  .  [.  eV 
radiation  exhibited  a  ri  :,e  time  of  son*.’  few  minutes.  Upon  interruption  <»4' 
illumination,  however,  t/u*  decay  was  rather  rapid.  Ao  the  tempt;  rain  rv  ^vs 
lowered  further  the  nsi  time  increased  to  about  12  minutes  at  i'bC/^K ,  20 
minute*  s  at  200^'r. ,  and  .'.J  minutes  at  .  Rise  time  for  the  j.l  eV  peak 

was  rather  short  i n  ail  cases.  It  was  further  observed  that  If  illumination 
were  continued  after  the  intrinsic  maximum  was  reached,  t.ho  current  would 
commence  very  siowly  t*  decrease.  If  this  were  allowed  to  continue  for  a 
few  minutes  befer*  the  radiation  was  change  to  1.1  eV,  the  i.'i  c.V  peak 
would  be  considerably  lower  than  if  the  raiidcticn  jav*/!<  r.pth  wore  changed 
immediately  when  the  maximum  was  reached,  With  such  loop  rise  times  it 
was  difficult  to  establish  exactly  w/.en  the  maximum  had  b oen  reached  anu 
so  certain  of  trie  1.1  eV  readings  are  somewhat  low.  Has  may  account  in. 
part  for  the  scattering  cf  data  in  the  low  temperature,  low  intensity 
readings.  The  measu regents  at  0.0  and  0»i  density  (100  and  J>0  relative 
intensity;  are  probably  more  reliable  and  some  significance  may  be  attached 
to  their  form. 

Decay  tin.es  auso  increased  at  lower  tcmpcraturc-s j  to  such  an 
extent  that  at  r.00  K  it  was  necessary  to  rc-tuiTi  the  sample  to  room  temper¬ 
ature  and  re-cool  between  each  different  intensity  reading. 
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It  had  earlier  >  noted  that.  sari|) ; ;:r  left  for  jo  up  pm-imi!!  in 
t.iii'  dark  at  room  '.enj.a  rut  ui ;  seemed  to  i.-ieonr  activvv.'-d  by  liuir.iria'.imi. 
That  in,  if  l.-irj  v.  ■:  1  ■■■;;  : at  5m,  cnaneta;*  i.ael:  fuio  fort.-  fVr.w  "nor- 

pies  (Ti  aLei  than  .  cV  to  less  T.lian  ' .  !  (  V,  lMhoifh  car!,  curr  ;'>i  reril.i 

!'■  1_;ir  t.-.  i  -I  nHrOjit  \-;i  nr  e.lv.  . rUI'll  pnSS  ,  their  fill  I  t'K'U  Tt  ■ .  t  '-V*';;: 

become  1  nrj'C  '  each  tire  .  It  was  f*  It  fmn  tin-  previous  mease r-r.r v, ’  to. a: 
this  effect  sliO'iJ.  i  .  <-i  ft-  I  a at  low  hor.pi  rat.  iris  and  in  fact  it  did. 

A  sample  van  tooled  !  j  :..l  ’K  jn  l-ln;  rare  whore  ii  huu  1  dart  nTren*.  '  f 
h.J  r  1C»*'  amps  (lOO  v<<it<0.  It  was  then  illuminated  with  l.b  cV  radiation 
which  caused  its  arn.ni,  to  ria-s  «•  1;60  x  J0‘>  amps  in  ten  minutes  at  wiiich 
time  it  bora-ie  stea  ,y.  T/n-  radiation  was  ruanjv.d  to  !>.?  eV  and  then  bark 
and  forth  bulwecr'  0.9  am!  i  .(>  eV.  Tno  folj«w.ii:g  tabu  I  at  ion  fives  pii-itr- 
currefiv  as  the  raoi.;:;,.  .  passed  throui’h  '..act;  peal; .  No  value;;  am 

eivon  i'or  the  i.i  i  V  peats  for  wav length  changinp  from  lor.f  to  short 
a3  the-  pbitoriirrm'  .in  t h'< s  instance  is  r-  ••••ly  rising  to  its  intrinsic 
peal;  as  shown  in  li fur"  <fl. 
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rv!_  ? io-er^ves,  rejxu’tv.d  bv  various  wv> mors  v '  1  ni) 

for  &  wi.ic  vurj.  i\  «•  f  pr.o  toconiiuetors  :u'iu  pn-'Sp.h  jtf ,  w.w  r  nined  :Vr  purr 

‘I'.iTo  sinp.e  '•}«•».{'.  ;•  ; ?•  * p  i r*  .  shows  a  plot  of  the  tin  r  v-ti  y  ntiMiint  <  d 
curr»*nt  apains.  1 1 •  atuiv.  The  f-M  l  owinp  r>r ‘endure  j  r.  a:;r  i  to  .  e<  nvj 
those  curves. 

1.  The’  cry  3  l..i  i  is  w.in-.e*:  until  1’  is  well  in!o  its  ’rdrinr.b’ 
conductivity  rrpAoni  i.t.  ,  all  Inc  1  eve  i  s  :n  the  forb  £ .  i ;  v: :»  yap  ar«  «  s.n  r»- 

tially  empty .  For  this  part.iru.lar  sample  about  L()°C  was  t  a-o:;  is  t 

nppropri  a t  e  terj  • '  ra t  a  r»* , 

?.  Cool  .in  t.hr  oark  t>.  1i  yhri  iir  i  <**  nvrat.ur»  y 

3.  II  ’•jF.inaU*  with  radiation  of  energy  equal  to  t  in  iot-i^aoic 
activation  rncr.-y  at  chat  temperature,  until  an  equilibrium  current  in 
obtainec.  For  >ATo  this  wan  K  corresponding  to  an  en^-rfy  of  i.hO  eV. 

1;.  iluwvp  radiation  and  allow  any  rapin  u>  ’ay  in  photneurrent 
to  t a!:c  piace. 

lj*  Wars  m  ntoaay  ran*  ir.  tr/*  dark,  it: is  rate  is  quit.,  a-o  1 1 1  ary 
and  rates  of  from  ;  to  1;  c'Tives  per  minute  have  teen  report- -J  The  rate 
used  here  was  about  i  '•  depress  per  minute.  The  oif  •  between  the 

current  on  warning  and  cooiinp  is  the-  them.il  ly  stirr;  iat«*o  curn-n*  . 

Th.*  magnitude  of  this  current  was  f'ounc  to  v*  stirm^iy  dependent 
on  time  of  i i  ,’n;si:.ntion .  be..»v  i fu/'ri  trie  actua.  photo  rjrrent,  as  mentioned 
■*{'*•  te  3r:a.li  an  Vs  us  n  so  tine  quite  lorp.  becau  s ol  this  it 
is  difficult  to  know  exactly  ween  equilibrium  conditions  are  obtained  in 
step  3.  As  can  be  seen  from  fipuri  2l tncre  is  a  larfo  burst  of  thermally 
stimulated  current  in  tin*  ropion  oi  -30  t.o  *  L'/'C. 
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(  i)  Copper  'pneti  CrysVils;  the  information  obtained  from  photo- 
rorui'int.  Ivi  ly  rst*!»*:*ir»-,.ic-ht  :•  of  ,-onrwr  dor  on  Crti'e  single  crytiMSs  pivos  lit  -  io 
inslpht  i.uU*  the  propcrti'.s  of  r.riTe  itself.  It  does  inriiabr,  however,  t  hrd 
Cu  iony,  subst.it ui--.;  for  Cd,  givts  rise  to  a  set  of  levels  aixnt  O./V  cY 
above  the  vaienro  paue  At  room  temperature  the  concentration  of  unfibooi 
ground  stati's  whi.-h  will  o<  as  re;\)xu.  iaation  enntors  is  suffiob-id  *  I -.a' 
tii-3  net  o>'  •'>»•.•.  a;».v«..‘s  .iht;  U.<  ,1  l-y  i,h  i.V  ;  ■  « « » ; .  w!. '!  if  :< 

s’i'a*  an  to  not  me *!>•.: rubiy  afiVet  bfie  a  1  ready  inrn  conductivity,  if  w 
•  isruirv  that  » i  j  of  0.  i  nwlc  percent  copper  added  to  the  crystal  based  j,  s 
reason.**':  ;jy  uni  lb sr.'y  distributed  throughout,  the  crystal  this  r.ian:;  a  eon 
cento’at.ion  >f  copper  ions  on  tun  order  of  10' ^  cc“!.  hivexi  allowing  for 
segregation  Hiring  oryutui  pro;.'!.,  lac.  density  of  those  states  w .  i.  pi  i  a!  ;y 
approach  i  J-  'cc  number  of  free  ?  .  les  eroatnn  uy  ci-j  t  rocs  be.;., 

raised  up  to  the  eV  b..  v*  ;  by  r.dfy^  radiation  w‘n.l  li.Kt.-wi  So  no 

snail  compared  to  the  nm.il.  :t  of  five  carr.be'S  already  present  and  so  no 
impurity  ph  •tocoiiducfivity  occurs. 

As  the  U  rpera: u.e  is  lowered ,  however,  the  concentration  of 
empty  s;ates  at  l;.bt  cV  above  the  valence  b?r.d  increases,  decreasing  the 
mur.be r  of  holes  in  the  vaj e.icc  buna.  This  decrease,  /jo wever,  is  still 
not  sufficient  to  affect  ttus  rrncciit ration  of  current  carriers  undo?* 
i rit-"  •  r.s t<:  “i. !  i  iirrj  nation ,  and  so  ric;  phi to current  is  vet  observed.  This 
FUfht  also  bo  regarded  as  an  increase  in  the  concentration  of  empty  re¬ 
combination  centers  with  the  resultant  decrease  in  carrier  lifetime, 
which  wuld  also  prevent  phoi  .'conductivity  from  being  observed.  If  the 
first  case  were  true  one  might  anticipate  finding  intrinsic  photoconductivity 
at  lover  temperatures,  although  none  is  found  as  lov  as  -H!0°C,  whereas 
the  second  case  precludes  this  possibility.  The  fact  that  photoconductivity 
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does  occur  under  0 .  V.  eV  radiation  below  about  -1 .:5°(' ,  which  indicate?  the 
concentration  of  free  current  carriers  (holes)  does  .in  fact  .increase,  lends 
support  to  the  Uil.ier  i:a?i: .  This,  of  course,  anticipates  near  equal  rates 
of  excitation  for  the  tun  wave  lengths . 


While  xl  might  u*-  anticipated  that  photoconductivity  due  to  0,85  eV 
radiation  (l-un-^-.  )  night  a.Lvo  be  encountered,  arguments  si  mi  Idf  to  those 
above  can  account  for  its  absence.  At  room  temperature  the  net  concentra¬ 
tion  of  carriers  raiseu  to  this  conduction  band  will  be  small  compared  to 
those  already  there  and  at  low  temperatures  the  concentration  of  empty  re¬ 
combination  centers  will  prevent  a  noticeable  increase  in  carrier  concen¬ 
tration.  It  was  suspected  that  the  increase  in  the  concentration  of  filled 
ground  states  at  .low  temperature  resulting  from  O.65  eV  radiation  might 
result  in  a  phot.ocurrent  due  to  0.85  eV  illumination  if  this  closely  .fol¬ 
lowed  the  0.65  sV  rt<H »* ion .  This  effect,  as  can  ho  seen  from  figure  lii, 
was  not  observed. 


b.  Pure  Gate  Single  Crystals:  The  band  model  for  CaTe  as  deter¬ 
mined  from  the  previously  described  measurements  is  proposed  to  be  that 
shown  in  figure  26. 

Conduction  oanu 

?  T  “ 

1.5  eV 

!  I 

*  —  Class  I  States 

|  -  _  *  .  Class  II  States 

_ "  ~~  — • _ 

Valence  Band 


Figure  26 
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Fron  the  known  p*-:’-tv  oj  i.isr  st-irUn^  mat. '  *i  a  J .s  ana  too  Kno  t  that 

.intrinsic  srmtcondoc  l.j  v  i  ‘ ,/  *  r»  Os*To  r.«.c:  not.  pr«*vi.o«!uy  boon  r^portiV  ht  low 

about  1|00°K ,  w-'icroo-j  rrvjita:  u  i.w\  intrinsic  down  to  about  V 'i\,  wr 

1  /  _  ! 

can  assign  on  iiajuri  ty  giri.-oni  i  of  .'gout  iD  c<:  “  to  those  samples. 

These  levels  at  0.«  cV  nhov,  the  ba jonoc  hand  and  the  states  seat.ioreri 
between  trier.  trite  re  oos  >ntia!  iy  ini:  at  roan  t  e.vpc  nature  . 

PtiO*  i  'gfeot  s  n:ii-  rauinti'vi  of  different  inergit  t>  end  appl led 

In  different  orders  at  .j  v.r:.  t;  of  to  mperatun.s  can  now  be  :tisf  ns-.'ii  in 
a  semi-qjanUtati vp  nuhni-r  Ly  use  of  this  none!. 

ifO°K  Temperature  Hnngt  :  At,  this  temperature,  intrinsic  conduc¬ 
tivity  pives  a  dark  current,  of  about,  rid  >:  !fr  l  amps,  vir>h  rises  to  /•,?;> 
r.  10* 1  amps  under  i.l  eV  illumination.  The  change  in  conductivity  due  *t> 
1.x  eV  will  be  immeasurably  aia i ,  because  of  the  large  concentration  of 
thermally  excited  carriers  compared  t,  tin  numb*.  r  exci  ted  by  radiation 
Illumination  of  1.5  eV  energy,  however,  is  acting  on  a  greats  •  concentra¬ 
tion  of  electrons  available  for  excitation  and  so  a  small  photoeurrent  is 
produced. 

jO<3°K  Temperature  hanger  Here  the  dark  current  has  decreased  to 
1.8  x  10"®  amps  ana  a  significant  pi  so  to  current  is  beginning  to  appear  from 
the  OJi  eV  level.  With  the  appearance  of  photoconductivity  due  to  l.i  cV 
illumination  the  beginning  of  effects  due  to  direction  of  waveiengtn 
(energy)  change  is  observed.  As  the  conduction  band  becomes  thermally 
emptied  the  effect  of  intrinsic  radiation  also  2J1Z  T  t:  cf.b  6  S  . 

273°K  Temperature  Kan^c- :  The  crystal  is  now  entering  the  transi¬ 
tion  range  in  the  thermal  activation  energy  plot  (figure  lcy)  and  the  dark 

o 

current  has  decreased  only  slightly  to  1.5  x  10  .  The  accompanying  decrease 

in  intrinsic  conductivity  results  in  a  much  greater  contribution  to  the 
photoconductivity  from  the  O.i  eV  level,  and  the  effect  of  wavelength 
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procession  lias  become  quite  pronounced.  This  is  readily  explained  as 
follows:  in  going  from  tong  to  short  wavelength  the  crystal  first  exper¬ 
iences  illumination  from  i.i  cV  radiation.  Since  the  O.i;  t-v  level  is 
being  thermally  emptied  the  slight  increase  in  photocurrent  due  to  tills 
level  ‘‘blends  in"  with  the  rise  of  thr  intrinsic  photocurrent .  Aa  the 
radi  ■  '.ion  changes  to  higher  energies  the  current  increases  until  a  maximum 
is  reached  at  .1  '>  ni.  it,  cm  tlie  other  hand,  the  11  l”.ti nation  is  started 
from  the,  high  energy  ere, ,  elections  are  first  excited  by  1  .t  oV  radiation 
from  the  valence  band  jrito  the  conduction  band  and  the  photocurrent  quickly 
reaches  a  maximum.  Thus  Maximum  is  much  lower  than  the  previous  maximum 
because  many  electrons  are  cuickiy  trapped  in  the  now  partially  empty  0.1:  eV 
levels  and  shallow  traps.  Tl  it  j.3,  the  exciting  radiation  is  proceeding 
from  a  region  of  high  density  of  "excitable"  electrons  to  a  region  of 
lower  density. 

Sinco  the  concentration  of  fllhid  O.b  eV  levels  has  now  been 
increased,  when  the  radiation  changes  to  1.1  eV,  the  current  may  be 
greater  than  with  l.S  eV  illumination. 

This  effect  is  very  clearly  demonstrated  by  varyir.gr  the  radia¬ 
tion  between  0 .  ?5  ^  and  1.1$  <^.(1.36  to  i.03  eV),  ir.  wliich  case  the 
photocurrent  due  to  l.i  cV  radiation  is  the  same  in  both  directions.  The 
photocurrent  from  l.t  eV  illumination  is  also  the  same  in  both  directions 
when  the  radiant  energy  is  varied  between  1.6  and  1.2  eV. 

220°K  Temperature  Hange:  The  1.1  eV  peak  is  now  completely 
absent  when  going  from  low  to  high  energies;  i.c.  the  0 . U  eV  level  has 
been  thermal ly  emptied .  The  decrease  and  final  disappearance  of  this 
peak  is  accompanied  by  a  steady  decrease  in  the  intrinsic  peak  and  in¬ 
crease  in  the  1.1  eV  peak  d i>;a  the  radiation  starts  at  the  high  ene rgy 
end.  This  further  indicates  that  electrons  excited  by  1.5  eV  radiation 

■6U- 


are  in  fact  trapped  out  *n  th«*  »*•;;  .. cvcl.  Since  th»*  conreM-rat  ten  of 
filled  G.h  eV  levels  is  now  so  much  creator  than  the  not  cenoon l:  a*  io-j  of 
free  carriers  p!ci"«  ■.*  r.  Vic  txe'Kiuct.i.'ii  *>o.nd  by  intrinsic  mdi  at  i  eij  t  .o 
photoeum  ht  v.’.i  i  i  b»»  muon  larger  -ini'  to  1.1  -  V  i  1  ]  urr.inat  ion. 

The  ns*.’  <*f  .ntr.mr.ic  tch-vt •.  comvicti  v ;  ty  start  tii 5-  wit;:  i?u*vies 
sliphtly  higher  than  **V  s)k'«:.,  h<  wvei1,  that  some  of  t  r;e  0  vt.  ss  b*  m.w 
LJ«t?  0./;  t'V'.  i  in-':  s?  i  il  nonvaily  f-  *  i«u  ai  f?iis  tempi  1  alure. 

i\s  Hi"  'tv  .Tsta :  reVed  farther  t  hose  >»veij»  an  a;  ^  Hiv'-maiiY 

emptied  until  at  1  (\PK  :v  r*  n>  only  a  small  amount  of  pJn>t(  sundacti  v  i  ty 
in  tin*  imme-iiatr  rnci.ni  of*  race  peak. 

It  was  laf  or  observed  cn  taking  »he  data  of  i'ipuri  < 1  as  in.-' 
constant  wav<  length  ii ’•umination  that  the  photo  current  at  low  tempo  ratur*.  c 
exhibits  extremely  lone  nr*  tir.es  (up  to  one  hour)  and  even  longer  ueeuy 
tin^s  (several  hours)  so  the  actual  j  ..ak  heights  nay  be  somewhat  greater 
than  shown  in  figures  (  1  a;:  i  ?/,  and  t n<  dark  current,  nay  be  lower.  The 
following  tabulation,  however,  snows  that  the  trends  indicated  by  fi purrs 
21  and  22  are  followed  *  von  with  constant  wavelength  allowing  vqjilihrium 
current  to  attain. 

Table  * 


Temp.°K 

bark  Current 

Chanfinr. 

i  .  lj  t  V  1.1 

r;V  .3 

Constant 

eV  J  cV 

3i>o 

-,.6  it'-"  , 

u.w* 

iT  3.6* 

r  20 

6.6  . 0 "  ’ 

v.i 

i  • 

y  •  1 

300 

j  x  icH 

i.i. 

5.0 

./; 

2  73 

J .U  x  iO"d 

3.*;  6.0 

u.o! 

;  3-0 

2h0 

l:.L  X  10-y 

jo  l6‘ 

b"6o 

1000 

2  00 

? .C  y.  itj"* 

].:  xk 

750 

120 

1.-  x  .c-v 

i’J 

?3 

Iku 

100 

gures  in  the 

1.1  x 

se  columns  are 

j:  sa;;c  factor 
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7.7 

of  10  as 

?5 

dark  current 

Tm-  data  }'i  ■  •.  *;i  figure-  <•}&  non  b  s/.-ow  h'«:Te  eyi. *  I  ',  t  f-  a 

slightly  ;-.’ij'j  /i  i  i  n*:  ir  hi'i)  j  -response „  with  a.irti't  intensity, 

start  ii;j.  -it  ril>>u  ’  '  •  i- .  Ti.i  *?  can  tv  i n >  <  rj>r<  ‘  *  •.  on  LMj  nuriS  o :"  ocr.^iv  r 
ui sr ussi'.'n  by  ,M  ■»*  i  j/n.;  i.;*  ♦•'jaa*  r>  •  oros.--  S'.cL.onc  t\i ■  ’iv  - 

IjoJi  r>  t  n.'ui  «  U  ‘I  /«  ns  u  l.io.  i  ;< ye  3  sra1 t ered  l~_  )■■  *  V.  *  ri . . >  :  1  1  t-V 

radiation  th»  U,.:.  •  V  •  "‘is  oee*  pi*  natural  t:0  w.j  J  h  1 1  e<\  t  r»  .»s  at  hi,1:.-  i  if  m 

intensities  sue.:*  the  . f  n.  r  lev-  is  hav  a  amal .»  ;  *r»bai  .  1  ;  t.y  f  r  i*.  fc1  r-;:» 

cHj  f  urt  ajiii  are  im  r*  'i  jinp  tn  w.  ncenti  at  ion  wi fh  ii'.cs*«  «r-in^  racial,*  ,, 
intensity.  Th.it  rveuitt  i.r  a  photocurrent  vy  light  intensity  j>  o:  w  Wi  a 
(yw.r  pr^at*  r  than  unity. 

Th»  phoU  ruriv  i.h  .nav.'u  by  j.i  c  V  raoiatu  n  •:*;  so  innr*«?»  r>  n 
a  supra]  in^ar  leant:*  r  .mo  an  o  eypiainpc  on  a  slrilar  l.:»  -..is  -  £i.?.  •  i.-n-st 

ojr*vn1  f;  we*;.  m*  &St.red  i : •  c.  i  .*  t*  ly  fr  1  lowing  t  he  ph-«V  cui  *(  r :  he  t*  :.L  -V 

radiation  tin  «  V  . *:?v  ..a  ann  particuj  s  tno :?•  bejow  the:.,  «'•  r-  ■.  sst  n- 

tially  full,  .iravinp  a  i.j i:>>  concent: at l  n  .  • »  he.-s  ir  t..*  vul-.  m  :.  -e: 
lirnk  r  -  fiV  ran  hit.  ion  •  .  id  rvn*.  art  raio-  “  it  th*.  •  ■  vretiorj  tan  :  ‘  r 
the  O.u  uV'hs,  ?.*.•  .ass  li  s»ates  bctv.«  r.  the*  v  .  ,  >r'c  ia:;s  i  t  s, 

a/ic  the  vai*.  !o*i  ha;:,,  .it  tin  ^  a.  tune  ar<  apt  u rir.r  ;  oles  wjuth  ■*?••  r- '’c.-t- 
fclninp  with  «  u-v  ti-n;  ;n  th»-s-  Hiatts,  lot  ciass  i  will  nc  in 

optical  oquilitriur.  *n ♦  r.  t:a  'or.cuction  ;  aric  anc  „*nc  scire  ■  1  ctr:  nc  will 
aisc*  be  exsite**  £•:.**■  the  olnss  T3  state;:  il*.  >c  t:.i  ir  pr.  xiuity  tc  tnr  class 
I  states ,  these  cl.^ss  I  state:;  will  apain  b-:0\.*rr.e  saturat'-i  with  electrons 
anri  t-0  a  r.r,r»’;i  •  i  rn*ar  nto  ?.i. -current . 

The  long  rise  .and  decay  times  encountered  the-  tanporaturrs 
where  suprailnearity  «>ccurs  c.!u;  then  ;.c  acceunteu  foi  as  the  tine  nece  ssary 
to  cause  the  redistribution  of  electrons  and  holes  in  the  two  different 
states. 
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I  ?i'i  ’  i  St  a*.<  ;  v-'i  Hi,  .  ;i|  t:i?r  t  i/.  :  r.i.-'J  ■.  i  !.«  i.-i'.'M  •.?!'!  e'e;:! . 

Wilt  n  *  ):■■■  :  ::  ;  ei  assf*'»c  1  O  i  i  ♦  v  »  ]■•;  »«'  “O'-iiJY  nv  i:»  *!  t ; a ?'.(*?.; , 

US  p  r<  vb-ur,  i\  r:  .-v: .  r.  in.. .  Han*  '  i  ~  1  v  •"  ,  r*rl,.\*nr-  ij.  »  .:  *  r  *  iv*n  .a;.'  ;.-o  I< 

t*' vici  Mtr,*:  ^021  ;n  the  t  /i * ■ i  and  II  ct  *lt>s  11  .v  s  '!,•  •  f  5i*jv  « 

linearity.  i?*r.  r»c  Vi  an  I've:  pr.-u*-  -'s,  :*’c?fr  f:\.n  t:»i  rmsic  rita..- 

sino  i  »••:>•*  v'-.  r*  -  i  <•'  ;  ).*'>  ] .  j  •.  tr-  jo  ■■*’.  r  «hy  Ji»  ’  1  .  if  ■  :»• 

r.vc I  *  d:;  n  p< <v  ■  h  rap  ..  .y  *  ee  .'r.*  •;  r.  i  •  r. r :  ;•  j  ;»u :  k-i  'Wk  \  \  <  *  ?-.*  rv  .1 !  Jy 
ru.v.t-  /r<“’:i  uv:  ye  hav«*  a  **'w  '  *  i'/at  Km**  of  the.  r  ry -j.\  by  :\rjiation  rir.ilnr 

to  1  Tj  1  a  r :  i  *  r .  I  t  r.if  *i?  ajV  i  .* i t •  n t d  that  «  he  imsin  vaiiu  n 

obtained  I'rw  *n.i;  .*;•  ri«  r  ••  f  r<  v<  it  "■  -  ^vibl  he  erpa)  to  t.  i.t  jvixinium  or>t aurictl 
by  sU  atiy  i  1  i-jr.:na:.  o-i;  If  w-  conn/.:  ••  ■  in  t  at  :•  >•  wo  m-  that 

tin?  value  for  :*»  any  1  rv  .  «.*  .  •:?  ;  J  .  ’  r»r;>  :'■'■■■*  wv  t.b  Ab  x  J  «•'  f 

a/;b  ;K\-  x  |  n'\  t.o  .  ! for*  i.J  <V.  Ta/.‘  'j/r  -ir-.-jun*.- 

the  J.or.f  r  i  %'•  :  in':  :  •  *  •:»«;» \>-  "m  j;,  •  ;:v  at-  a  iy  i  I  oat  i<  tin?  aprt  {?- 

nent  xs  faii-y  . 

Ttif-  t.!:ti!*ra.  r  curve  a  ao  i.naicat#'«i  ;  i.e  l-j ..  o-o  <•.:  a  t?vi  of 

deep  traps  *n  t:i*  i  j*  1. . .a  ,  v.-bcl.  <  fui  1'.  ']  eo  ly  •. ./ "Jirerateo” 
by  rau'if-tion.  Viii.lt-  •-.•.act  :*!.•:  »•}■  y  -f  .  . t-.vc-is  caur.f.-t  t 

ciirecx ly  fix>rs  thert.  c-.v.'-..  i:;*-  /‘act  f*iu‘  t.’.oy  ari  not  t.j.f  *r.a„Iy 
untdi  abc-u*  iy-/°r.  lodi c  at»-s  4  *s(-y  ar?  c?t,ri si : ^ -ra!  . >  uist-ir.of-  i onerpy  wise) 
below  the  contraction  birnc  These  i'.'Vol.s  tton  sbouio  be  those  located  at 
0.1*  eV  above  the  va: once  uanti  os  detoiTined  m  c. he  previous  cH.5cusr.i0n ♦ 
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A  ,*r/«'\nkn  1  uf.  wan  n-s*-  nv;.u  «.n  *. r.u?  r. ai»i| » 1. .  ,  t.i.at  i ;■» ,  it  was 

e^o.V'i  iiii'.:  >;■  r.-jt  .  i*.  t  i -  <:•»?■  w  *  n  !;<•■  i  1  i.;ri, in  r  »  *<  .  tio 

l-hr  ;ti:<  1  }y  •  .»t  Vn .  i.M  1  ;  ■  1  s  •  •  u!U  ,  Vlu<  2i  iVt’tV'r 

t,:«  ^!*’  ''•><!*'  n?  ,*j:  »!i'  « *  V  nr*'-*  •  i-a:  n  *  *'  a  !  •ir-j.!;,’ 

iJ.  at  i  \*  t  •'  p>  : ■  a  I  :i  ”•  <  *  . 

T;.  "V  ..•?  .t  a  ..i  » I  *** -ns  -  .  Mr;  i!  \a*v  ss  -r.e  *•••  »-v< 

a  ptoU.H’u  !tvi.  i  i*  *  i  V)  T-rij  i  at  jC;i  vv«.  n  1 1  -  .•  i'  o  i  rv: M  a».v  .  a 

whirh  Ca.i*'.:  thi-  fc*  %•  •  \  u\  ' .  \r>  in  a..  U*  -i».  *  ,,  I  •  i  •  ft  ms , 

A  jw>sn'i  i* :  "  ir.t'  •*!  rot,-,!  i  . ,  f  t  i.i  :•  r.n.v  r*  r- k:  n  t  ?  •.  o*ts . ;;  >■.  u .  n.i . 
pn>pert  i*  .v  <  f  rand  .\S-r.vt  .  II  v;  very  posjsii.  .**.■  r:.it  :  ).•  nit-~ 

tvirico  fn>r.  tht  •  vnpr'c  J  i.r-  coi‘uii-:.  ran  band  or  1  *  v*  is  ■'  1  h*  •  >  ■  t-i  i  n 

t'ap  is  not.  ■)  j  :  n<  of  ci-'-.r*  k  •  .'f.ai  ".ears  tnai  in  oitu-r  t  n.ir  ry*.  r>ach 

h  t  .-iinsiV  it.  <1 ,  a  ■aaj'ij  "  ii  tie  wav»  r,u.\b*  r  v#  ct.or  k  ,  vticli  i  r,  ii:  fiw  d  -n 

toJT.n  of  t:,«  r,ii.' is  rr*-*.* .  iM  irt  %  cur  aiusir  vi  *  i.«  n?  ir.  ■  rr:.~-  <.  in 

c  :io:yy «  Tfiia  m  ■■  .  3.x r  a*  ••  a  «  /.ar  »r*  u.  . :  r- ;ui'.,  n  (%•»{.•.*..•  /v/n*  r  +..n'..  it 

the  rn.'iit  iT;  .  y  }j*i( '*  '•<.  1'rvt  .  r'tron  arc  •  nr  t  rtd  *.t  car.  b'-  j.n-'.n 
.that  the  u.-:.£>irvat!uii  o.:‘  ”.in*-ntar  wiii  » -rover »  rn-.  j.notwn  j*rv»n  apj  r<  oiabo.' 
fJiaxiririp.  the*  .-..ami n Inn  •)*.'  *  v:,>.r.n  5 1  s- r  l/o  s. 


Thus  vt-  S'  r  ti.a n  an  eleotivii  w;.  J  aw  about  1C  vi;.es  ih-  r.n  ,en*  ^r.  of  a 
r  (;V  oho  toil .  non  into  met  or.  in  t.h<  on  the  ot.:rr  i.  v,-.t  pc>s 

ceso'fl  sufficin'  :  or»  5  -  :■  .it  .i  •.»  to  ohaii.  :  t  »v»p.»  nt  ir  •*?  '  •  oitvns. 

If  ;  :  o  -V  fect-f.  KJ "iSr  to  tirsv-  ‘tv*  i;i  i.u  *-  V  «t«;  v* 
valour**  ban  a  a,  locateJ  so  e'i  nitrons  ivouiro  a  o:  m-.-'  i  n am 

to  b*  raised  »;"•  to  thorn,  *  t»  •.  ••  •  vx.Mi.iil  not  e:«  j.x.ct  U»  ob.  i  .•  «*  j  k-'cou.  - 
rent  from  Q.h  /  -  nat .  n .  ~v  1  .v-v  \  «  ,  rj.ov.  :  '-:r- 

•’herrrtiiy  fi  1  a*  :.{y  ».  r  *  rat  jr»  b  as  i  fit  cnflc. 
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!■  -  1  Zr> nt»  Kf  fining 

Tr»:  *  ►•c.'iiuqut  >f  z  n«  refining  I  .s  .1/  <■  .n  four)'.  l»  l- ■  ■  p. -?:t  >y 
sat  l;.;fuc  :c  vx  for  the  pr  jc  i  n  of  a..tra  p..r.*  t  e ’ "m r.iu~  ,  s.  it  rua,  and 
svj  1  fu :  .  r.f’y  pdj3  u  at  a  ru'.t  u:  l  r«vt  i  wu  inch*  a  per  not;  r4  t.  np 

one  17V-:  w.  hi:aToro  Or,  f  u'  I*.-  n  teal'  it  ,  pr  .  i  .a;*  i*  :  it  c  .a.  *’  r>u  f 1  'i<  ‘  nnf 

purity  /or  .the  growth  of  r-:  tr,  ac-sueto'*  &...•*!  rt  crystals  w,;-  an  ir,:  r.  '  y 
cpnt»*d  w  t*  ai'ut  1 '  •  ‘  '  c«  •*  .  it, »  differ-  j  Hi  fiir-.i  purify  .••v*-,!  af;  <*r 
about  SO  f aus-  s  was  alj  ert  V  f.  ftpjir  rc/ur  i  ss  of  w. -  thcr  t  start. 
material  wajr  nigh  p.:  ity  or  ordinary  C.  t  .  grade. 

::*>nt.ainer.‘.  of  fused  alumina  pr.*7»_.  u>  be  superior  to 
silica  vr  h Vyr.or*  for  this  ,  r;  c  ss  fr on  a  -juraMlit-y  pcir*  of  view  ana 
were  n  t  u\  alj  object!. -nab  e  fre  a  p..r*tj  sta/idpc^nt .  Ar.  atnrspspr.r.rf' 
of  high  purity  helium  rsamt  a » .v  «  over  t;  •  -at  prevented  -  nf  a.  ination 
of .  the  mo.tMi  zones  f*r\»r»  tnt  su.  rounu  i  ir  s. 

h . Crystal  Growth 

Hi,^i  purity  siagle  crystals  <  f  GbTe  ana  Zn'Ie  tUifah .  e  for 
photuconduc  tivity  n^asur-  ;  ents  were  p*‘  ;^c  u  t»y  a  .coil’ir  !it< ckuury.,  r 
furnace.  Very  robust  container'',  co  mi  sting  of  heavy  wa\  f  fused 
silici.  tubes  «  i  .cased  in  •.  fuse *i  aiumin  ■  t..b*  ,  wen  n  -•  dco  *o  contain 
the  pressure  of  :  f  e  relt  during  crystal  rowth.  nvcii  tiiis  hid  not 
prove  reliable  £  r  ZnTo  au.th-upl.  it  was  quit-.,  dependable  for  GaTe,  A 
tight  fitting  casing  of  *iay:iite  wit;  a  screw  top  was  attonpLcri  to  hr*  n 
the  ZnTe  anu  with  nouifica-  ions  i-tigh*.  prove  useful. 

Temperature  was  controller.  pi  at  in  an  resistance  thermometer 
temperature  controllers  to  within  T  O.y'C  at  lt-00°C  over  tie  three  or 
four  days  necessary  for  crystal  growth.  Using  a  growing  rate  cf  two  rjt: 
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per  hour  sno  an  annealing  rat  e  of  derms  per  i  oar,  a  sucres"  >-3110  of 
about.  6j%  vat.  obtain*  <i  :n  prowinr  CtiTg,  :  .  tl;  pun  arm  aopra.  Crystals 
were  grown  contain:  .  .i  mi'-  percent  indium.  Silver,  and  copper.  The 

indium- dope.:  crystals  ■■ 1  o v  n-type  character,  w.  if*  si  ivt  r-doped,  eopper- 

doj*'.  an  !  p:-,  "ry  ::  were  p-type  as  ir.aicatei.  by  thermal  omf  measurement s 

i' . f1! i:  tocofr.  uc 1  iv _ !•.. 

S;.:rii‘  (,ho  i  nduc-  iv:  \.  pri  pc  :•*  .Us  of  GrITe  sing.!;.  c  ryst.u 1  r.  I  av< 
been  m asureu  and  a  lanu  .  u  .•  1  prop-Seu  !~  explain  the  results.  Hurt  Gal  t- 
exhibit*  phctoc  ..  v  y  n*  two  ni  "Trent  wave  Jrnpt  hs ,  e.do^anj  i.ly,  ; 

“.hr  first  t>c inf  ir.tr,, .sic  p:r  tn'-.-.n  u -tivity ,  ar.  tn«-  second  arising  from 
the  ’ovation  of  It  voi a  0...  oV  nU-V'  •  h-  valer.ee  band.  Boih  peats  shift 
with  temperature  a. though  "nr  actuaj  shift  of  trie  second  pear,  is  confused 
by  a  char.f  m  ,-e . at  1  v<  hi  igr.ts  t.  two  pi  a  r,  and  their  overlap,  inn 
i;,t:ii.,:ie  activa-  si  1  f!  s  a  o«  riling  to  t  e  fj-:ow:i.;-: 

A  *  ,  .5.  -  :  .000'5T  *V 

The  stat  i  c  ..i»  V  ab-  vt  t:.e  valence  e  v.c  arc  projosea  to  b. 
analogous  Ur  thus.  ..  cater  c-V  ar...  i.C  eV  aluve  the  valence  banc  in 

pure  CdSe  one  CdS  r..5pnctivv_y.  The  b.ind  mouej  proposed  s  based  on  the 
semi  -quantitative  i.’roriU  a,  cunt, c  rations  o'  "uonbi  nation  riven  by 
H OS'  which  have  h,  <  n  shvwu  V.  haw  a  .-.ore  precis r  mathematical  interpre¬ 
tation  for  Co3  and  Cc5  ,  and  involves  Uro  types  f  recombination  cent  rs. 

The  levels  at  0,U  i  V  a.-.,  asiignct;  equa  capture  cress  section  .for-  electrons 
and  holes  and  the  quasi-continuum  of  discrete  levels  scattered  between 
this  level  and  the  valence  nr.nrl  .in  ■  iv  n  larger  capture  v  -vo 0 ooctior, 
for  holes  than  for  electron::.  This  arrangement  of  recombination  centers 
can  account  for  the  supraiinearity  of  both  the  1.5  and  1.1  eV  photocurrents 
and  for  their  rise  times.  The  shift  in  magnitude  of  the  two  photocurrents 
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with  terperat*. aiu:  uirectiori  of  wavelength  ehaiipo  ran  aj so  •xpiai;:e<i 
cii  this  oas>i:'.  .  No  photo  rurrvnt  was  nvr*r  ohm.rvo  r  jr rt  g?-.  m.  inp  to  O.h  t.V 


ana  is  erplai.v.-ci  on  she  b  *.sin  of  the  ui  r=  otionai  prop:  **ti»  s  of  t.arui  n+ouct 
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